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RESEARCH ACCOMPISHMENTS

During the grant period worthwhile contributions have been made on the

qualitative and quantitative understanding of flames. These contributions can

be approximately grouped into four categories: (1) Kinetic structure of

laminar flames; (2) Aerodynamic structure of laminar flames; (3) Structure of

turbulent premixed flames; (4) Soot formation in laminar diffusion flames.

The accomplishments are summarized in the following, while the details can be

found in the published journal papers.

1. Kinetic Structure of Laminar Flames

The emphasis in this area is in understanding and quantifying the

detailed and semi-global kinetics of fuel/oxidizer systems undergoing

combustion.

1.1 Asymptotic Simulation of Hydrocarbon Oxidation Kinetics

In this study we have used large activation energy matched asymptotic

analysis to resolve the detailed reaction process of paraffin/air oxidation as

represented by the four-step semi-global reaction mechanism determined from

Princeton's flow reactor. Four major regimes respectively representing fuel

pyrolysis, hydrogen and carbon monoxide production, hydrogen oxidation, and

carbon monoxide oxidation were identified. Embedded within these four major

regimes are fifteen sub-regimes. Unlike previous asymptotic studies of

reaction systems with complex chemistry, transiti -s between these sub-regimes

are not governed by the different orders of activation energies but rather by

the creation/destruction and thereby availability of the various

intermediates. Explicit expressions were derived for the characLeristic time

scales associated with each sub-regime. Analytical results agree well with
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the experimental flow reactor data.

This work is reported in Publication No. 1.

1.2 Nonadiabatic Flame Propagation in Dissociation Equilibrium

An intriguing question in the fundamental study of the structure and

extinction of flames is the influence of product dissociation on the

extinguishability of flames. Recently Williams and Peters have analyzed the

diffusion flame structure and found that product dissociation facilitates

flame extinction. In the present study we have analyzed the premixed flame

structure allowing for product dissociation. Analytical solutions have been

obtained with an explicit expression for the burning rate eigenvalue as a

function of the dissociation and heat loss parameters. These reveal the

interesting results that dissociation alone cannot cause extinction of an

adiabatic flame. In retrospect this is reasonable because the effect of

dissociation is equivalent to reducing the heat of combustion, which lowers

the flame temperature but does not alter the basic structure of the laminar

flame propagation which does not exhibit any extinction behavior.

Analysis has also been performed allowing for volumetric heat loss. In

this case it was found that extinction is facilitated in the simultaneous

presence of dissociation and heat loss.

This work is reported in Publication No. 2.

1.3 Kinetic and Thermal Structure of Diffusion Flames

We have analyzed the structure of a diffusion flame supported Ly a

representative branching-termination reaction scheme

F + R, - 2R2

0 + R2 - 2R1

Ri + R 2 + M - 2P + M
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where F is the fuel, 0 the oxidizer, M a third body, and Ri and R2 are

regenerated radicals. The analysis yields three types of flame behavior,

depending on the efficiency of the recombination reaction. Of particular

interest is the fast recombination regime in which branching and

recombination take place in the same, thin reaction zone. An explicit

extinction criterion has been derived which respectively specialize to a

kinetic extinction limit and a thermal extinction limit; in the latter case we

recover Linan's extinction criterion. This work is reported in Publication

No. 3.

1.4 Experimental and Numerical Determination of Laminar Flame Speeds of

Methane/Air Mixtures under Reduced and Elevated Pressures

The laminar flame speed S0 is an important physico-chemical parameter of
L

a combustible mixture because it contains the basic information regarding its

diffusivity, exothermicity and reactivity. However, in spite of the extensive

efforts expended to accurately determine their values, wide systematic spreads

in the reported experimental data still exist even though in many instances

the experiments appear to have been carefully executed. Recently, it has been

suggested that these systematic discrepancies are likely caused by the coupled

effects of flame stretch and preferential diffusion. Specifically, it has

been demonstrated both theoretically and experimentally that the flame

response can be qualitatively reversed when the flame stretch changes from

positive to negative (e.g. expanding spherical flame versus the Bunsen flame),

and when the mixture's effective Lewis number crosses a critical value

typically around unity (e.g. lean methane/air and rich propane/air mixtures

versus rich methane/air and lean propane/air mixtures).

A particularly serious implication of the stretch-induced flame response

3



is the potential falsification of the kinetic information determined or

validated through comparison between the numerically-calculated and

experimentally-determined results. In view of this concern, we have recently

proposed a stagnation-flow based methodology through which stretch effects can

be systematically subtracted out such the S0 can be unambiguously determined.
L

In the present investigation we have accurately determined the SL ofL

methane/air mixtures under reduced and elevated pressures. While these data

are of practical interest in its own right in terms of high-pressure

combustion, we note in addition that these data also carry significant kinetic

information because pressure not only influences the frequency of molecular

collision but also differentiates the relative efficiencies of the two-body

branching reaction versus the three-body termination reaction. Thus they

provide additional constraints for the validation of the kinetic schemes.

The experimental data have been compared with the numerically-calculated

values obtained by assuming different kinetic mechanisms. Consequently, the

C1 mechanism of Miller and C2 mechanism of Warnatz both accurately reproduce

our experimental data over the extensive concentration and pressure ranges

tested. The relative superiority of these two schemes cannot be further

resolved.

This work is reported in Publication No. 4.

1.5 Laminar Flame Speeds of Methane/"Air" Mixtures as a Function of

Stoichiometry, Pressure and Flame Temperature

The work of 1.4 has been extended to the determination of laminar flame

speeds of methane/"air" mixtures over the stoichiometric range from very lean

to very rich, the pressure range from 0.25 to 2 atm, and flame temperature

range from 1,550 and 2,250 K; independent variation in the flame temperature
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is achieved by substituting nitrogen in the air by an equal amount of argon or

carbon dioxide. These data are expected to be useful for the partial

validation of proposed kinetic mechanisms. In the present study numerical

simulation of the experimental flame speeds has been conducted by using a C1

mechanism and a full C2 mechanism. The calculated results agree well with the

experimental data, for both the C. and C2 mechanisms, except for the very rich

mixtures for which there is substantial over-prediction by the C2 mechanism.

Sensitivity analyses have also been performed where appropriate for enhanced

insight into the controlling elementary reactions.

This work is reported in Publication No. 5.

1.6 Experiments on Extinction of Diffusion Flames

In this study we experimentally investigate the theoretical results of

1.3. The theory predicts that, because of the simultaneous presence of

branching and termination reactions, the density-weighted extinction strain

rate of a diffusion flame increases only linearly with pressure, while the

conventional formulation assuming only a one-step second-order overall

reaction predicts a quadratic dependence. The experiment was conducted by

using the counterflow diffusion flame configuration. Experimental results

indeed reveal a linear dependence.

This work is reported in Publication No. 6.

2. Aerodynamic Structure of Laminar Flames

The emphases here are on the influence of stretch and preferential

diffusion on flames.

2.1 Propagation and Extinction of Stretched Premixed Flames

Practically all realistic flames are subjected to aerodynamic stretching,
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manifest through flow nonuniformity, flame, gUvat--- C I -:,'f!---

unsteadiness. These processes can profoundly affect the flame from those

prescribed by the classical one-dimensional planar flame propagation theory,

which is frequently the one used in modeling practical combustion phenomena.

The two most important parameters characterizing stretched flames are the

stretched flame speeds and the states of extinction when certain critical

stretch rates are exceeded. Unfortunately, these data have not been obtained.

Therefore, the first contribution of the present study is an accurate

determination of these values as functions of stoichiometry and stretch for

both methane/air and propane/air mixtures. These results further show that

the flame speed is finite at the state of extinction and that the extinction

limits for nearly adiabatic, stretchless, and planar flames appear to

correspond to the flammability limits of the respective mixtures. It is

suggested that kinetic termination could be the dominant extinction mechanism

at the flammability limits.

This work is reported in Publication No. 7.

2.2 Interaction Between Laminar Flames

Modeling of turbulent combustion can be frequently facilitated by

approximating the turbulent flame as an ensemble of laminar flamelets. It is

clear that, contrary to previous modeling efforts in which such flamelets are

assumed to be isolated ones, they are actually in close proximity and

therefore should interact strongly with each other.

In a previous study we have experimentally mapped the extinction limits

of two interacting laminar premixed flames. Subsequently a theory has been

formulated for the extinction of this interacting system. The results show

good agreement with the experimental data for lean methane/air mixtures but
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In the present study we first argued that such a discrepancy is a

consequence of the unity Lewis number assumption in the theory. The theory

was subsequently extended to allow deviation of the Lewis numbers from unity.

Satisfactory agreement with all experimental data was then obtained.

This work is reported in Publication No. 8.

2.3 Dynamics of Stretched Flames

This is an invited review paper presented at the 22nd Combustion

Symposium. Here recent advances in the understanding of the structure,

propagation and extinction of laminar flames under the influence of stretch,

as manifested by the existence of flame curvature, flow nonuniformity, and

flame motion, are reviewed. The emphasis is on premixed flames because of the

richness and subtlety of the phenomena involved. The review distinguishes the

influences of the tangential and normal velocity gradients on the flame

response, both at the hydrodynamic scale and within the flame structure, and

emphasizes the importance of the preferential diffusion nature of heat and

mass transport, as well as the extent to which the flame can freely adjust its

location in response to stretch in order to achieve complete reaction. It is

then demonstrated that stretch has only minimal effect on an adiabatic,

unrestrained, diffusionally-neutral flame with complete reaction in that the

temperature, propagation rate, and thickness of the flame are invariant to

stretch, and that stretch alone cannot extinguish such a flame. In the

presence of preferential diffusion and/or when the flame movement is

restrained, the response of the flame to stretch becomes more sensitive and

extinction is also possible. The concept of flame stretch is applied to

interpret such practical flame phenomena as flame stabilization and flame-
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front instability, determination of laminar flame speeds and flammability

limits, concentration and temperature modifications in flame chemistry, and

modeling of turbulent flames. The properties of stretched diffusion flames

are then briefly discussed. The review closes with suggestions for further

research.

This paper is designated as Publication No. 9.

3. Structure of Turbulent Premixed Flames

3.1 Structure and Propagation of Turbulent Premixed Flames

Previous experimental studies on turbulent premixed flames have used

either the Bunsen flame configuration or the V-flame stabilized by a rod.

Data obtained from these two flame configurations, however, are complicated by

the uncertainty in the flame orientation and the eddies generated in the flame

stabilization region. In the present investigation we have adopted the

stagnation flame as our model configuration. The advantages here are the

planar nature of the flame which is also normal to the bulk flow, and the

absence of fluctuations generated by the holding region.

Using this flame configuration, experiments have been conducted covering

equivalence ratios of 0.67 to 1.16, incident turbulence intensities of 0.1 to

0.7 m/s, and global stretch rates of 100 to 230/sec. Results on turbulence

statistics show that in crossing the flame the increase in fluctuation is more

pronounced in the normal component, while the Reynolds stress remains almost

zero, and that the velocity joint probability density function is bimodal for

rich flames and mono-modal for lean flames. Turbulent flame speeds determined

as functions of the equivalence ratio and turbulence intensity agree well with

those in the literature.
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This work is reported in Publication No. 10.

3.2 Velocity and Scalar Fields of Turbulent Premixed Flames in Stagnation Flow

Detailed experimental measurements of the scalar and velocity statistics

of premixed methane/air flames stabilized by a stagnation plate are reported.

Conditioned and unconditioned velocity of two components and the reaction

progress variable are measured by using a two-component laser Doppler

velocimetry technique and Mie scattering technique, respectively.

Experimental conditions cover equivalence ratios of 0.9 and 1.0, incident

turbulence intensities of 0.3 to 0.45 m/s, and global stretch rates of 100 to

150 sec "I . The expe-,imental results are analyzed in the context of the Bray-

Moss-Libby flamelet model of these flames. The results indicate that there is

no turbulence production within the turbulent flame brush and the second and

third order turbulent transport terms are reduced to functions of the

difference between the conditioned mean velocities of the axial and transverse

components. The result of normalization of these relative velocities by the

respective velocity increase across laminar flames suggest that the mean

unconditioned velocity profiles are self-similar.

This work is reported in Publication No. 11.

4. Soot Formation in Laminar Diffusion Flames

In this series of studies the effects of dilution, preferential

diffusion, inert addition, and aerodynamic straining on soot formation in

laminar diffusion flames were quantified.

4.1 Dilution and Temperature Effects on Inert Addition on Soot Formation in a

Counterflow Diffusion Flame

The isolated effects of fuel dilution and flame temperature variation on
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soot formation have been investigated experimentally for counterflow diffusion

flames. The methodology of isolation through temperature adjustment involves

changing the concentration of the fuel by diluting it with nitrogen and then

increasing the maximum temperature of the diluted flame back to that of the

undiluted flame by replacing a portion of the nitrogen in the oxidizer flow

with an equal portion of argon. Soot quantities are determined by using

light-scattering and extinction techniques, flame temperatures by thermocouple

measurements, and velocities by LDV mapping. Results on ethylene show that

both temperature and dilution contribute to a reduction in the soot volume

fraction and dilution accounts for a substantial amount of this reduction. It

is further found that the soot formation rate and specific surface area are

linearly dependent on the initial fuel concentration, while the specific

surface growth rate is insensitive to its variation. Finally, the soot

formation process is insensitive to a wide range of fuel ejection rates for

the present counterflow diffusion flame established in the forward stagnation

region of a porous cylinder.

The work is reported in Publication No. 12.

4.2 Preferential Diffusion and Concentration Modification in Sooting

Counterflow Diffusion Flames

An experimental investigation has been conducted on the influence of the

mobility of inert additives on soot formation in propane and ethylene

counterflow diffusion flames. Inerts used were helium, neon, argon, or

krypton, and the results show that while the mobility of the inert has

practically no effect when a small amount of inert is added to the oxidizer

side, the influence is significant when added to the fuel side in that

krypton, being the least mobile inert, yields the greatest soot loading while
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helium, being the most mobile, yields the least. By relating the spatially-

resolved soot volume fractions to the corresponding profiles of temperature,

velocity and species concentrations, it is demonstrated that this influence on

soot loading is likely caused by concentration modifications of the fuel and

the soot precursors due to the different mobilities of the inert additives.

This work is reported in Publication No. 13.

4.3 Experiments on the Sooting Limits of Aerodynamically-Strained Diffusion

Flames

An experimental study has been performed with axisymmetric counterflow

diffusion flames to investigate the influence of aerodynamic straining on the

relevant sooting limits of the lower alkanes. The limits are defined by the

critical strain rate at which either soot luminosity, soot particle

scattering, or fluorescence is negligible compared to the appropriate

background signal. These critical strain rates are found to be greatest for

the sooting limit based on the fluorescence signal, and least for that based

on luminosity. The fluorescence signal, if attributed to polycyclic aromatic

precursors, yields a limit that can be interpreted as the extinction of soot

precursors and is suggested to be a possible limit for identifying a

completely nonsooting flame condition. The separate effects of flame

temperature and fuel concentration on the critical strain rates for soot

extinction have also been studied. The results are indicative of how

temperature and concentration influence the soot particle inception process

and they show that both are potentially important parameters. The critical

strain rates display an Arrhenius temperature dependence and this dependence

is similar for all alkanes considered.

This work is reported in Publication No. 14.
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PRESENTATIONS AND SIGNIFICANT INTERACTIONS

During the reporting period the Principal Investigator gave the following

invited and contributed talks.

Invited Talks:

1. "Combustion of Multicomponent Droplets," Ballistic Reserach Laboratory,
Aberdeen Proving Ground, Aberdeen, MD, Mar.5 , 1985.

2. "Dynamics of Stretched Premixed Fl~mes," Department of Mechanical
Engineering, McGill University, Montreal, Quebec, Canada, Mar. 6, 1985.

3. "Behavior of Non-Dilute Sprays," AFOSR/ARO Workshop on Non-Dilute Sprays,
Sandia Laboratories, Livermore, CA, Mar. 20-21, 1985. **Lead Talk**

4. "Recent Advances in Droplet Combustion," Department of Mechanical
Engineering, Cornell University, Ithaca, NY, Apr. 30, 1985.

5. "Heat and Mass Transfer in Combustion," Department of Applied Mechanics
and Engineering Sciences, University of California, San Diego, CA, Oct.
11, 1985.

6. "Dynamics of Stretched Flames," Department of Mechanical Engineering,
University of California, Davis, CA, Jan. 30, 1986.

7. "Recent Advances in Droplet Combustion," Department of Mechanical
Engineering, Louisianna State University, Baton Rogue, LA, Feb. 18, 1986.

8. "Dynamics of Stretched Flames," Department of Mechanical Engineering,
University of Oklahoma, Norman, OK, Feb. 19, 1986.

9. "Recent Advances in Droplet Combustion," Department of Mechanical
Engineering, Texas A&M University, College Station, TX, Feb. 20, 1986.

10. "Recent Advances in Droplet Combustion," Department of Mechanical
Engineering, University of Texas, Arlington, TX, Feb. 21, 1986.

11. "Recent Advances in Droplet Combustion," Department of Mechanical
Engineering and Aerospace Engineering, Princeton University, Princeton,
NJ, April 1, 1986.

12. "Dynamics of Stretched Flames," Department of Mechanical Engineering,
University of Colorado, Boulder, CO, April 14, 1986.

13. "Combustion of High Energy Propellants," Martin Marietta Research Lab.,
Baltimore, MD, July 28, 1986.

14. "Recent Advances in Droplet Combustion," Department of Mechanical
Engineering, Washington State University, Pullman, WA, Sept. 10, 1986.
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15. "Recent Studies on the Structure of Laminar Premixed Flames," Department
of Mechanical Engineering, University of California, Berkeley, CA, Oct.
22, 1986.

16. Recent Advances in Multicomponent and Propellant Droplet Vaporization and
Combustion," ASME Winter Annual Meeting, Anaheim, CA, Dec. 8-12, 1986.
**Invited Talk**

17. "Recent Advances in Multicomponent Droplet Combustion," Department of
Mechanical Engineering, University of California, Davis, CA, April 9,
1987.

18. "Incineration of Chlorinated Hydrocarbons," Workshop on Research in
Engineering and System Analysis for the Control of Toxic Substances,"
University of California, Los Angeles, CA, Oct. 21-22, 1987.

19. "Structure, Propagation, and Stability of Laminar Premixed Flames,"
Department of Mechanical Engineering, Stanford University, Palo Alto, CA,
Nov. 4, 1987.

20. "Single Droplet Considerations in Spray Combustion Processes-
Experimental Overview," Workshop on Mass, Momentum and Energy Exchange in
Combusting Sprays: Droplet Studies, Sandia National Laboratories,
Livermore, CA, March 28-29, 1988. **Lead Talk**

21. "Blending Strategy for the Incineration of Chlorinated Hydrocarbons,"
Workshop on Incineration Technologies for Municipal, Toxic and Hospital
Wastes, National Science Foundation, Washington, DC, April 18-19, 1988.

22. "Dynamics of Stretched Flames," Twenty-Second Symposium (International)
on Combustion, Seattle, WA, Aug. 15-19, 1988. **Invited Paper**

23. "Some Recent Advances in Droplet Combustion," Third International
Colloquium on Drops and Bubbles, Monterey, CA, Sept. 19-21, 1988.
**Keynote Paper**

24. "On Flame Extinction and Flammability Limits of Combustibles," Department
of Mechanical and Aerospace Engineering, Rutgers University, New
Brunswick, NJ, Nov. 2, 1988.

25. "Vaporization, Combustion, and Collisional Dynamics of Fuel Droplets,"
Department of Mechanical Engineering, University of Pennsylvania,
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EXPERIMENTAL AND NUMERICAL DETERMINATION OF LAMINAR
FLAME SPEEDS OF METHANE/(Ar, N2 , C0 2 )-AIR MIXTURES AS

FUNCTION OF STOICHIOMETRY, PRESSURE, AND FLAME
TEMPERATURE

D. L. ZHU, F. N. EGOLFOPOULOS AND C. K. LAW

Department of Mechanical Engineering

University oj California
Davis, California 95616

By using the counterflow method, the laminar flame speeds of methane/(Ar, N,, COjl-air
mixtures have been accurately and extensively determined over the stoichiometric range fiom
very lean to very rich, the pressure range from 0.25 to 2 atm. and flame temiperature ratu~e
f'rom 1,550 to 2.250 K; independent variation in the flame temperature is achieved b% sub-
stituting nitrogen in the air by an equal amount of argon or carbon dioxide. These data are
expected to be useful for the partial validation of proposed kinetic mechanisms. In the pres-
ent study numerical simulation of the experimental flame speeds has been conducted b%
using a C, mechanism and a full C mechanism. The calculated results agree well with the
experimental data, for both the C1 and C2 mechanisms, except for very rich mixtures for
which there is substantial overprediction by the C, mechanism. Sensitivity analyses have also
been perlormed where appropriate for enhanced insight into the controlling elementary re-
actions.

Introduction those of aerodynamics and heat and radical ex-
changes, the structure and the propagation rate.

Recent studies of the chemical kinetics of com- S"L, of the flame are therefore unique properties of
plex reactants of interest to combustion have been the combustible mixture, representing its reactivity
greatly aided by the ability to simulate numerically in the presence of diffusive transport. Thus an
the progress of a large number of possible reactions agreement between the calculated and measured
involving many chemical species.1.2 Such a simnu- flame propagation speed, as well as the profiles of
lation can serve two purposes, That is, if the ki- temperature and species concentrations, should be
netics of the elementary steps are accurately known, a strong indication that the kinetic mechanism used
then the simulation allows the study of the influ- in the calculation is a sufficiently accurate, and
ence of chemistry on the combustion phenomena of thereby adequate, representation of the complete
interest with confidence. If, however, part of the mechanism.
kinetic mechanism is either unknown or not well Such a requirement, while desirable, is at pres-
established, then the numerical simulation can be ent not achievable owing to the lack of accurate and
used to either identify and/or validate the needed sufficient experimental information on the flame
kinetics information through comparisons with re- structure. On the other hand, extensive data on the
suits obtained through independent experimenta- laminar flame propagation speed have been accu-
tion. It is clear that such a comparison is useful, mulated over the years. Therefore much of the Io-
and meaningful, only if the experimental situation cus on the (partial) validation of kinetic mechanisms
cluselv simulates that being calculated, and if the has been on the comparison between calculated and
experimental data are of the same degree of accu- measured flame speeds. -3 Obviously failure to
racy, and the same level of detail, as the calculated achieve agreement for even such a global flame
results. property is a clear indication that the mechanism

The model flame configuration that is perhaps requires revision. The usefulness of such a com-
most suited for such a simulation, for the study of parison has recently been further enhanced with the
chemical kinetics, is the steady propagation of the development of the counterflow method for the de-
adiabatic, one-dimensional planar premixed flame termination of laminar flame speeds.4 5 That is, ex-
in the doubly-infinite domain. Since this situation cept for the flat-flame burner method, all other
is totally independent of external influences such as techniques adopted for measuring flame speeds uti-
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LAMINAR FLAMES: PROPAGATION AND) EXTINCTION

lize flamies which suffer aerodynamic straining mail- of, (, p) and T,,I adopted herein canl be aplpretiatedI
ifested throuffh either flow nonuniformity, or flame by recognizing that the rate of an elenienltar% re-
curvature, or flame motion. When coupled to the action also reqJuires at least three funidamntal titer-
inherent preferential diffusion effects, the flame be- inodynamic parameters. These paramleters are
havior such as its temperature and propagation speed needed to represent the local %-aluies of' thle culicen-
canl be qualitatively and systematically affected.6.7 tration of' at least one( of' the reacting speci"s. the
This is probably one of the major reasons that pre- density and the reby prssure to indicate tilit Ille-
viously reported flame speeds, deterinned] by var- q nenet of colisin and tile tempeji'ratur o ic (id(1 iiti
ious investigators with great care hilt bV using dif*- tie CCI t gt its o f coii ision0. Ti erehire Ii th IC ic
fe rent flamne configurations, can deviate frtom each vion s representation of
othecr by subi stan tial aitnIs. For example, \,allites
of 2~5 cull/s to 45 cmt/s have beeni reported ass thle S, , S' 4 .),, T'."
laininar tlame speed of stoichiometric methane/air
mnixtuores at 1 atmn. it is therefore clear that Sutch the conicentIrat ion and t' ipe rattr sc iisititi1 s it
strain-iitduced effects will have to be subtracted out the elemntary- reactions bi~t' eIIt Ii)ie't'iIi I)I eltI),I I-

from tile experimentally-deterunined flame speed SL dltlY testetl.
to yield the proper, strain-free, one-dimensional Trle abovte CitiSLINSIl baslc-all\ pm usc t'sht mio-
flame speed S'L before comparison with the nu- tivatioii aiid approach of' tiic preset ii ns tigaiom
merical results is valid. Failure to do so c-all lead Ini tht' next two sections the experiiiental iicil-
to) falsification of the kinetic mechanism 'vaiidatetl otiology andi rC'siilts Will he ~rCettd. TIlIeSt v \I
ithrough comparison. The coo oterfiow m ethod, to b~e fol liscd by a t) I lparisoll with results iihloiid

bet discussed in the next section. o~ffers such at s\s- froni de'taile t'i lil neal simul11attin bI wass 1111Itlilt. d
teunatic deduction. \Ve mention iii passing that thle ferent kine(tic schemets.
st rai iiless flat -flamie ibulrnmer imethod, with extrapo-
lation to vanishing hecat loss,.) still cannot totally
simulate the model lamninar flame because of' the Experimental Methodology
potential radical loss at the burner surfiec.

The general objective of the present study is to Tilt Various flow variables art' define'd Ii Fig. 1a
p~rovidle experimental data of high fidelity an'Id - Tile experiment blasically involved tihe e'stabilishi-
Curacy for the lamninar flame specds S'L', of methane/ ment of twvo symnietrical, planar, nearly-adiabati-
inert/oxygen mixtures by using the counterfiow flames in at nozzle-generated clliliterfiow. and tile-
method. These results will then ibe compared with determination (If' the axial Velolcity profilt' alInIw tll-i
the numerically calculated \,allies by assuming dif- cenlterline of' the flow by oisiig 'la-ser D~oppler cc-
ferent kinetic metchanisnms. Because of thle global locimetry. By identifyin 'tihe niiniioii jIli pi t citii
and somewhat limited nature of tile flaimt spee'd ats velocity profile as a refereiice upstreami flini speed
at rep~re'set'ation of' the detailed kinetics, we sihall Si, coirresponlding to the impose'd strainl rate K. which
illt rod1 uce its mulcih kinetics information as poss5ibile is simiiply tue Vt'locityV gradlienlt ahead of' it. and b\
in~to tile reported values of the flame speed. SI~t' plotting'SI. versus K," the lamninar flamne speed witi'-
cifically, we shall extensively determine thle lainmiuar out straining SV , cail be determlineti thlrougih linear
flame speed not only as a function of the mixture extrapolation to K =0 (Fig. I1h) in accortdance' witih
eqluivalence ratio) 4 aild pressure 1), whlichl are tile the theoretical prescription._, Tile linlear et'\rapou-
traditional indtependenlt p~aramneters usetd, hut we lation is meaningful and accurate only, for smnall \al-
shall also map it as an explicit function of' the adi- ties Of thle nondimiensional strainl rate'
abatic flame temperature T,,a, which has nolt been'i
attempted before. Thus DK

Ka -< «.I

Since 1',,l of' at methane/air imixtutre is fixed for at Acrler Ka is tht Karhloviti. miuimbir amid 1) a ip-
given ( , in tile present investigation Tad is to be resentativt' mass diffusiv'ity.
indepenrdenitly varied by substituting N2 in the air Tile dliameters of' tile nozzles uise't Inl the presetil
hy equal amounts of either Ar or C0 2 Suchl tilat the investigation were 7, 10 and 14 mim. The\ ihati ihigih
02 concentration in the (02 + inert) mixture is fixed contrattion ratiols anti were wate'r-comoled' amid nlitrol-
at 21 volume percent. Thus the inert in our "air' gen-shrouded.' Tme entire bulrnler asseibl\ sv.is
can consist of either N2 , or (Ar + N2), Or (CO2 + housed in a large stainless steel chanmber w%-ith adl-
N.2 ). instable pressure and conltiunuous venltilationi. The

The' fact that a comprehensive representation of' crolss-sectiomn of' the test portion (If tht' elaniser wa-is
tile kiunetics information of a certain fuel/air system 14.5 till iy 14.5 cii Ignlitioni wvas aeiit'ed b\ at
requires the three independent global parameters contioius high tenergy spark p~roducetd' ib\ retract-

A- 2



LAMINAR FLAME SPEEDS

CH' i02 f/N/Ar. Tad-2250K. P-I.0tm, 0-0.76, Ar/(Ar+N 2).0.8 tion stage. When the preparation involves only three
300

components, as in the case of CH 4/Ar/0 2 in Fig.
3, the control is quite tight and the data have higher

200. accuracy. However, when four gaseous components

E (i.e., CH 4 , 02, N2 , Ar or CO2 ) are involved as in
1 Kthe constant flame temperature experiments, the

Br =-du/ . simultaneous control is more delicate. Slight un-

sL7 certainties in the mixture concentration could lead
o.1 . s5 to corresponding uncertainties in the flame tein-

0 0 ,0 0100,50.20 025 0 30 0,35 040
x (cm) perature and equivalence ratio. It is estimated that

(a) these uncertainties could result in maximum scat-
ters of -1.5 cm/s in the measured flame speed and

cH6/02 1N/Ar. Tad=2250K.P=I.Oatm. 0=O.76 Ar(Ar+N 2 )O.8 ±0.01 in 4). These uncertainties are quite small and
represent an improvement over previously reported

60. , data in addition to the elimination of systematic
strain rate effects.

54"

s 2. Experimental Results

48. Figure 3 is the traditional plot of flame speed
46 S'L versus equivalence ratio 4) for methane/Ar-air,

0 200 400 600 800 Ioo 1200 methane/N 2-air, and methane/C0 2-air mixtures at
K(I/s) I atm pressure. The symbol I-air here, as in Ar-

(b) air, designates an air mixture in which all the N,
has been substituted by Ar. All of the present re-FiG. 1. (a) Typical axial velocity profile across a suits are bounded by the Ar-air and COo-air data,

stagnation flame, showing the definitions of K and from are bound bothe reiveand We urta,

S, b) epndece f he lam seedS, K)on frmthe top and bottom, respectively. We further
t(b) Dependence of the flame speed S (K) note that for the same 4), flames above and below
the strain rate K. the N2-air data have higher and lower temperatures

respectively. The data for Ar-air flames obtained h

able electrodes. The LDV operated in the forward
scattering mode with 0.3 jim alumina particle seed- o
ing. 2250K

The flame temperature was independently varied o.8°
by substituting part of the N2 in air by equal amount 2150K

of Ar and CO 2 for higher and lower temperatures j 0.6

respectively. Figure 2 shows the different amounts +
of substitution used to produce the mixtures for fixed . 04 oAIo-200K

adiabatic flame temperatures. < / |
It is important to mention at this point that this 02

inert substitution affects not only the flame tem-
perature but also the transport properties of the 00

mixture. Specifically, for the same flame tempera-
ture and similar equivalence ratios, Ar and CO2  02,

substitutions tend to increase and decrease the flame 0

speed respectively through changes in the effective 04
(X/c ), where X and cp are the mixture thermal 0

conductivity and specific heat respectively. Since " 06

transport properties of mixtures are known with 0
much greater accuracy than the kinetics, effects due U o°

to transport properties can be accurately described
such that kinetics is the only component to be 02 0.4 0,6 08 1.0 1 2 1 4 1.6 16,

studied. 0
The major source of inaccuracy in the present 0

experiment comes from the difficulty in accurately FtG. 2. Relative molar amounts of the various in-
controlling the individual concentrations of the var- erts required to achieve different adiabatic flame
ious gaseous components in the mixture prepara- temperatures, as functions of ob.
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8 _0 l I80- , l J I , I , l

Ar-Air (At.C02 ).N,O 2 Tad(K)

UN 3-Air 4*- 2250

70- -6- cc- 70 / B- 2150

60- 15 \ 0 1750so-/ \

i \ -155o

E/

3o 5 A I\
40- .40 \

30- 30/
N2-Air

20 20

10- 10 7 CO2 -Ai

0-1

0 2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 0 2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

0
0

FIG. 3. Experimental laminar flame speeds SL 4 FIG 4. Experimental laminar flame speeds S'
for methane/Ar-air, methane/N-air, and methane/

CO~-ir mxtues, t 1 tm.for constant flame temperatures. T.d, at I atm.CO.-air mixtures, at 1 atm.

Clingman et al., using the area method, show
maximum flame speeds nearly 40% higher than those 80 P(atm)
obtained in the present work. -0-- 0.25

Figure 4 shows the measured So. as a function of -.- 0.5

4 , on constant flame temperatures T~d and at I atm. -- Lo
The experimental results of Fig. 3 are shown as 1 2.0
dashed curves. The data set of Tad = 2,250 K car- 60
responds to the lowest Tad for which all the Sa,,i or whch a l eS are

higher than the methane/N 2 -air curve. For lower
values of Td, CO2 substitution is needed to obtain 50

flame speeds below those of the methane/N 2-air
curve. It is significant to note that SOL varies quite 40

non-monotonically with 4); this behavior will be ex-
plaied later.

Figure 5 shows the experimental SL. (4)) for var- 30
ious pressures p with a constant Tad = 2,250 K. It
is seen that, for the same 4), S'. decreases with in-
creasing pressure. Since the eigenvalue for laminar 20
flame propagation is the mass burning rate (per unit
area) p.SL instead of St,, where Pu is the density 10
of the unburnt mixture, the data of Fig. 5 are re-
plotted in Fig. 6 as P, L. Now we see that pS.
increases with increasing pressure. Since for a given 0 , ,
4) one can define an overall reaction order nt(4)) such 0.2 04 0.6 0.8 10 1 2 1 4 1.6 t 8

that pS - pf/Z, the increasing trend of p.S'L in-
dicates positive values of n. Figure 7 shows n de-
termined as a function of p for a given 4). It is seen Ftc. 5. Experimental laminar flame speeds S. (b.
that while n is positive, it decreases with increasing p), for T,,1 = 2,250 K and pressures between 0.25
p for a given 4). This illustrates the progressive im- and 2 atm.
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014' 1 .P(am ) portance of three-body termination reactions rela-

.o 2.0 tive to two-body branching reactions as pressure in-
].0 creases and overall reaction rate decreases. It is

0 12- 0 " s0.5 especially of interest to note that the importance of
0.25 the termination reactions is manifested even for the

present situations involving relatively low pressures
010- and strongly burning flames.

Y Numerical ResultsII 008"

ANumerical simulation of the one-dimensional flame
o 0o propagation was conducted by using the flame code

o- developed by Kee and co-workers,1 t - 14 with the
minor modification that diflusion of species k is given

004 by the multicomponent diffuasion relation"1.

002- ~k (XjXk) (V, - Vk) (1)

Djk /

0.00 ,r1 7 - without the assumption of trace species diffusion,
o.2 04 0.6 08 10 2 1.4 1.6 1 8 where Xj.Vj and Djk are respectively the molar

0 fraction and diffusion velocity of species j and its

Fi. 6. Experimental mass burning rates p,,S. , mass diffusivity relative to species k. Overall mass

p), for T,, = 2,250 K and pressures between 0.25 conservation is achieved by applying Eq. (1) to the
and 2 atm. (N - 1) species while using

N

0La CH4/O2/N2/Ar. Tad=2250K a 0-0.8 IY V = 0 2)

0 0-1.0

. for the Nth species, where Y, is the mass fIraction.
M 10 0 0 In adopting the kinetic mechanisms of methane

o oxidation needed for simulation, we note that in a
05 previous study oni methane/air flames,16 an exteit-

sive evaluation was conducted for the various ki-
0 00 1 netic mechanisms reported in the literature. Through

00 05 I0 I 5 210 such an evaluation, two mechanisms emerge as being
P(atm) highly predictive of the experimentally-determined

(a) laminar flame speeds. These are the CI mechanism
of Kee et al.t3 and the full C2 mechanism of Var-

RC20 natz, 2 which are predictive up to d1 = 1.2 to 1.3.VRich CHI/O21N21Ar, Tad=2250K 0: 0=1.2

These comparisons are reproduced for the meth-
0 s- 9 0=1.4 ane/N 2-air data in Fig. 8. The C, mechanism has

the advantages of being predictive up to moder-
I a atelv rich conditions and is also considerably less

* time consuming for simulation. Furthermore, it has
es 0- also been suggested' 7 that the methane/air laminar

flame speeds may not be sensitive to C 2-reactions
oo~ I I up to = 1.3. On the othei hand the more com-

0.0 0 1.0 i 5 2.0 plex C2 mechanism has the advantage of extended
P(atm) applicability over the entire concentration range. It
(b) may also be noted that since development of thesetwo mechanisms have probably involved some im-

FIG. 7. Experimentally determined overall reac- plicit calibration around the stoichiometric condi-
tion orders for lean, stoichiometric and rich CH , / tion, the C, part of the full C 2 mechanism of
02/N,/Ar flames for T, = 2,250 K. Warnatz2 slightly underpredicts the experimental
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data and theref'ore does not degeilciate to the CI 80 -

tilt -hanlism of' Keec t al." L~p-a - - - -

lit the present sinmulation these two mehnim N~mr,.c.1 T&a{K

are so hjected to further validation by tinparihlg the( 70 - 0 V2O
caiculfated results with the present data which] in - X 2250t 1

corporate variations in concentration, pressure and 60 0 21 S~h t

flamet tempferatuire. The constraints imp osedI onl the 0 2lmoI '
vaf idation criterion aie there" re imore stri nget thtian ] 17S(
those of' the previous validation studies, of SO ld2S'

Fiture 8 shlows thle calculated flaioe speedis of '7
m~ethanct/-'d-aii' itures b%5 using bo0th the C, alt(i ' 'e \\ x

Cmechanisms. Thle flanle 'speeds (If' iothane/CJ2 - 40 - I O tX
air have nlot b~een calculated] hecause, tiles' hiase %v-r%
low values and the calculations are very' difficult to 30 - 2000K Qooo.'\\
converge. These cafculated results are coiipared wyith
the experimental data, shown in Fig. 8 as tdaslhed 20-
curves wichl are reproduced f'rom the solidl curvs I0K____
of' Fig. 3. Tile comparison shows that the Cl miechl- -

anism Ipredicts well the flamne speeds of' methane! 1

N air a l e thiane/Ar-air mixue %c IIIt -15 50

II ltlrflredictY: the flame speed fbor A rgon ixtutre s 0 ('(014'I'018 0 2111
01I) tol (b 1.0, aithough the dlifference'( is tooll(1 2 0 6 0 0 12 4 6 6
to be significant. For riher lali Ills, lowc se . it
overpredicts tile flame speed h). sllil(wilat larger Fl., 9 ( llilIfdIoll il'5ltcll t'tlllnl a~lid

Figure 9 comip lares tile cotnstan t 'I'1 data oIf' Fig,. It 0. il tow C,1 and C, kinetict sthil Ills
4I, shown ats the dashied cturves here. \~lost Of' tIil'
calclfatioils were co~ndu ctetd with ilt- (11 ici a-
nis11 hecause IMlmericai SOll utionl wsithl (t(e C Illecil- alilisill is veiN timt'c conlsuing. It is seen'I (tilt till'

Caletllated i'esouits sat isfilctorif 0' lprld 0ce tilt' hIi id I

70 ~ 0 Ax-uIC~ I~n'lIis11tllc el ligior othe~t sp'iell'ill'ta dta

80-Ac ClItlS IIS jlersillp agalt5in~ sl rs lo Mntilit llt

60ncl Ar-irt ttlthle/N 2 -air a~l lleout ofe/i-ii aluIlls \I C110

1 0 tjArqI Ieha in i its el t he l f~te lt]( cltsIlt 1, lal t' I ci II'

50 / hv tilres Ieta d catt e ltll l' tat 11*1,slII tlt II111

I s~ail - Ic e i )(ri dllivts. .1510( tllsilt'tis eont(- me t r. t

60 - IllethnrNFi. ind smlwstilt'etlr-ll 11a[hLN ti1
0U~ Al 8 thmsalthose of' tpasta aotnt1 ~ flames K. 'lie1

~~# agrctilt'iit rcasd atter he tlit'rdtfo tbl ll 1(oth

3 0 - /,i Faifato Hgn0s'w tecoprso ot h

300

20 -

j 7' m, Discussions

0 2((tiher a1n1d art' tileref'ort' coilsistttit. it IS llt-c'l'55t'

numelr'iclly dtfermnled S,' (ob) (r illtthlltle/Ai -air' bi'a\ ior Ill. sit\', tilt' I attn andt 'l',tI 2,250 K data
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8, I .... 40%, from 4) = 1.0 to 0.7. Thus the overall rac-
xpe nneal: - - - - tion rate is enhanced.

I 0.25(C,) The decreasing trend for rich flames is kinetic in
NI mirl 

Ka2(Cj70 P-O.25tm * 0.5 (C,) nature. For moderately rich flames (I < 1.3)
0 1.0 . the forward reaction rates of (A) and (B) respec-

60 A.n 2. (C,) tivelv decrease and increase with increasing 4). This. , eventually causes a significant decrease in pS'. in
-t7" 9\\\ spite of the positive influence of (K/c). For very

50 ,.0lE i rich flames (4) 1.3) the forward reaction rate of

(A) increases again, although the forward reaction

E40 ,.-' \ of
2.Oaum A

30 AN CH + H = CH3 + CH3  (D)

also becomes important and tends to slow down (A)
20 by competing for the H radicals.

Figure 6 also shows that the curves "flatten out"

0with decreasing pressure. This can he simply ex-0 plained by considering the relations

02 04 06 08 1.0 1.2 1.4 1.6 18 p,S,.- p"'0f( 4). a(P""f') W. 13)
0 d

FIG. 10. Comparison between experimentally and
numerically determined SL (4p, p) for Td Thus for a given 4) and for the range of encoun-
K. using the C, kinetic scheme. tered in the present study (Fig. 7), the slopes of

the curves in Fig. 6 decrease with decreasing p.
It is also of interest to assess whether C02 cai

have any significant direct kinetic effect resulting
is the actual ei~envalue of flame propagation. The friom its substitution. A comparison between the
results show that p,,St. increases in both the lean '1 4/N 2-air flame and a CH 4/O,/N 2 /CO flame
and rich directions from the stoichiometric regime. with Td = 2,150 K, while keeping p = 1 atm and
Since flame temperature is held constant on a given 4) = I for both flames, shows that the sensitivity
curve, and since pS', should decrease based ol on S" of all the crucial reactions is minimally af-
concentration effect alone, the observed increase is fected and the maximum CO concentrations also
therefore due to the higher values of (K/c,) of the remain almost the same. Thus CO 2 substitution does
mixture with increasing concentration of Ar. The not directly contribute to kinetic effects.
same explanation can be extended to C0 2-diluted In view of the higher flame speeds predicted by
flames. the C2 mechanism for rich flames, a sensitivity

The behavior of p,,S"L vith further departures from analysis was conducted for the Tad = 2,250 K and
stoichiometry becomes quite asymmetrical in that it p 1 atm flames at 4) = 1.15 and 1.435. The re-
continues to increase for leaner mixtures but de- suits show that reactions of leading order inpor-
creases for richer mixtures. The increase on the lean tance are (A) and (C) as would be expected. For
side is of course partly still due to transport effects. the reactions at the next order of importance. it is
We have, however, found that kinetic effects could found that the sensitivity of reaction (D) increases
also be partly responsible in that among the three by a factor of 3.2 from 4) = 1.15 to ( = 1.435.
leading-order reactions while the sensitivities of all the other reactions arc

not affected much. By slightly modif.ing the kinetic
H + 02 = OH + 0 (A) constants of this reaction, the calculated flame speeds

can be substantially lowered and improved agree-

H + 0, + M = HO, + M (B) ment with the experimental data is achieved. How-
ever we have not attempted to calibrate these ki-
netic constants against our data. Rather we feel it

C1 + [t + M= CH 4 + M, (C) is more appropriate for a study of the present na-
ture to recommend that the rate constants of this

the reaction rates of (A) and (B) are minimally al- clementary reaction mav need to he either re-ex-
fected with decreasing f), while the recombination amined and/or re-detcrinined through basic kinet-
rate of reaction (C) is substantially reduced, by about ics studies.
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COMMENTS

J. Warnatz, Physikalisch-Chemisches Institut, Fed. results with C and C, mechanism and low results
Rep. of Germany. I do not agree with your con- for the C, mechanism.
clusion that the high flame velocities calculated on
the rich side with the C2-mechanism are due to de- Author's Reply. We appreciate very much your
ficiencies in the C2 chemistry. To our present comment. We have adopted a neutral tone in re-
knowledge, the weakest point in these mechanisms plying because there just do not exist enough in-
is CH 3 oxidation though we do not know the re- formation for a definitive statement. We hope this
action(s) responsible. Removal of this deficiency reply is satisfactory to you. Let us know when you
(hopefully in the near future) should lower both the get additional insight/results regarding this issue.
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DYNAMICS OF STRETCHED FLAMES

C. K. LAW*
Department of Mechanical Engineering

University of California
Davis, California 95616

Recent advances in the understanding of the structure, propagation, and extinction of lain-
inar flames under the influence of stretch, as manifested bv the existence of flame curvature.
flow nonuniformity, and flame motion, are reviewed. The empiasis is on premixed flamcs
because of the richness and subtlety of the phenomena involved. The review distinguishes
the influences of the tangential and normal velocity gradients on the flame response, both
at the hydrodynamic scale and within the flame structure, and emphasizes the importance
of the preferential diffusion nature of' heat and mass transport. as well as the extent to which
the flame can freely adjust its location in response to stretch in order to achieve complete
reaction. It is then demonstrated that stretch has only minimal effect on an adiabatic, unre-
strained, diffusionally-neutral flame with complete reaction in that the temperature, propa-
gation rate, and thickness of the flame are invariant to stretch, and that stretch alone cannot
extinguish such a flame. In the presence of preferential diffusion and/or when the flame
movement is restrained, the response of the flame to stretch becomes more sensitive and
extinction is also possible. The concept of flame stretch is applied to interpret such practical
flame phenomena as flame stabilization and flame-front instability, determination of laminar
flame speeds and flammability limits, concentration and temperature modifications in flame
chemistry, and modeling of turbulent flames. The properties of stretched diffusion flames are
then briefly discussed. The review closes with suggestions for further research.

Introduction reviews 4- " have summarized the various aspects of
these advances.

Historically, the concept of flame stretch was first The objectives of the present review are to syn-

introduced by Karlovitz' to describe flame extinc- thesize the current understanding of stretched flames
tion in velocity gradients. It was stbseqently fnrom a unified viewpoint, and to identify areas for
adopted hv Lewis and von Elbe 2 to explain and further research. In the mext section the miathe-

quantify the various phenomena associated with mnatical definition of stretch and its physical inter-
flame stabilization. The flame curvature aspects of pretation will be presented. We then study the in-
stretch also formed the basis for the study of flame- fluence of stretch on the flame structure through
front instability by Markstein.3 In the past fifteen its coupled effect with heat and mass diffusion. Since

years or so significant advances have been made in the flame response turns out to depend critically on

our understanding of flame stretch and its influence the unequal rates of heat and species diffusion, as

on the flame structure. These include a fundamen- signified by Le9 0 1, the flame behavior without,
tal generalization of the definition of stretch, math- and with, preferential diffusion are separately dis-
erimatically rigorous analyses of the structure and cussed. We then review the role of stretch in such

propagation of stretched flames, experimental and practical flame problems as flame stabilization, flame

numerical verification and quantification of pre- speed determination, flammability limits, flame-front
dicted properties via model flames, and re-inter- instability, concentration and temperature modifi-
pretation of certain flame phenomena. Some recent cations as related to studies of chemical kinetics,

and modeling of turbulent flames.
While much of the present review is on pre-

*Present address: Department of Mechanical and mixed flames because of the richness and subtlet%
Aerospace Engineering, Princeton University, of the response of a premixed flame to stretch, the
Princeton, NJ 08544. properties of stretched difflsion flames are also
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briefly discussed and contrasted with those of pre- structurle can be considered to consist of a thin rte-
mixed flames. The paper closes with suggestions for action zone preceded aNi broader traiisport-doiii-
further research. inated, d ifhis ne-coi~l v ze,/1I wiclul are respcl-

tix.l% chalracterized 1), t ucknes SCS 6jj .1nd( b
sat isfving 1<<8)FrmII= U k MthI

Definition of Stretch and Preliminary define an iinhnrnt. upstrcanl flamie Spee'd S; II~
Considerations p,. at the upstream boundar ' of the transport zonc1

and a burnt, downstream flamne speted Sj
Understanding of the structure and propagation in"/p'b for the entire reactiomn zonie becauise veiocit\

of' premnixed flames, both at the fundamental level does not change much owing tol thle tinniess of tis
as well as for the analysis of practical combustion zone.
phenomena, is frequently based on the classical The flame configuration of' Fig. lit is onl\ Ian
model involving the steady propagation of' an adi- idlealizatio~n In realistic situations the upstream fio\%
aibatic, one-dimensional, planar flame into a coin- can be jitnuniffirin while the flaiime call also lbe
hustible medium of temperature T,, and reactant Curved and nonstationary (Fig. 11)), p~roducinlg what
concentrations Y,,, as showvn in Fig. la in the flame- are collectively known as stretch eflects. Furtlici-
stationary frame. This flame is characterized by its more, the flame can also be globalY iionadiaihatiu
final, equilibrium temperature T~b, which is simply through exchanges in heat and radicals with tile
the adiabatic flame temperature T,,, of the mixture, surrounding. Thus if we symbolize influence-s of
and by its mass buii,:.ig rate (per unit area) in", stretch bv a Karlovitz number Ka, to) he defuwd
which is a function of the exothermicity, diffusivity, later, andf s% stemn nonadiabaticity by a "loss" paramii-
and reactivity of the mixture; the superscript "o" eter L, then the flame behavior is expected to he
designates properties pertaining to this specific flame described by
propagation mode. Thus if we symbolize the de-
pendence on exothermicity by the specific heat re- 711 =~ Le, , c. Kit, L) 1.A
lease q, diffusivity by the Lewis number Ley~ = X
cppI)Q)). and reactivity by the reactiomn rate Wek of T = Tj,(q1. Le,. W. Kit. L, 1. 4
reaction k, then

wvhich should deviate from11 M" alit I, otf the jdcle-
In' rn'(q, Ley, ick) (I1. 1) ized situation . It nm% lie noited thlat althou iigh IllI &A

anid (1.4) wve have piirpiisel\ scpjaiattiI out till
'1 q) 1. .2) functional dept ndece inlto thle tw Wi er s of 5 ~ pa-

ramecters (q, Ley, leA) and ( Ka, Di, strong~ coull 1inl bc-
Furthermore, if the characteristic chemical times tween thle individual effects is expected. For C\.-

of the majur heat release reactions are inulch shorter ample. whIIile Tl/, dlepenlds omi l\ on q/. thle pit scolt
thani those o~f heat and mass diffusion, then thle flamne of' stretcb and /or loss iecilan sill (.ll caus xi j, to

Unburned Gas Burned Gas UnundGs'4 BreGa

H-ydrodynam ic
Transport Reaction Zone ( 61,)
Zone (8()) Zone (8,)

Transport Reactioni

Zone (8,) Zone (8,)

(a) Nb

Fir.. 1. Schematics of* the structure (if' (a) at lin(-dllentsilli pillar fhiano. antI (h0 a ".1-l1101-d 1all III
at nonnifoirim flow.
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V variables, it can be shown' 3' 15'16 that

K = IVt v, + (V- n)(V n)} , (22)

where V, and v, are the tangential components of
V and v evaluated at the surface, and n is the unit
normal vector of the surface, pointed in the direc-

s tion of the unburnt gas. The stretch rate K has the
unit of sec-.

Equation (2.2) shows the two sources of stretch
a flame can he subjected to. The first term repre-
sents the influence of flow nonuniformit% along the
flame surface. Since 16

{V, v,j, = {-n V X (v X n)}l, (2.3)

F,(;. 2. Schematic of surface element s with ve- this term embodies the effects due to flow non-
locity V and unit normal vector n in a flow field v. uniformity through v and flame curvature through

V n. Furthermore, this term exists only if the flow

also depend on the diffusive and reactive aspects of is oblique to the surface (v X n # 0). The second

the problem. We also note that the presence of flow term in Eq. (2.2) represents stretch experienced by
Sand flame curvature introduces an a nonstationary flame through V, although the flame

nonuniformity aalso has to be curved because (V n) vanishes oth-
additional, hydrodynamic, length scale, 5H, into theproblem.erwise. These three stretch-induced effects can be
problem. separately referred to as those due to aerodynamicTo define stretch, we first identify an arbitrary sur- straining, flame curvature, and flame motion. We

face s, say an isotherm, within the flame structure strning, halam nceurv at and me motion ie

(Fig. 2). This surface has a velocity V while the further note that since (heat and mass) diffusion is

fluid has a velocity v. A general definition 0 e2 ' 4  parallel to n, the non-orthogonality requirement of
(v X n) leads us to anticipate the importance of dif

of stretch at any point on this surface is the time fisive transport in the dynamics of stretched flames.
derivative of the logarithm of the area of an infin- even though the discussion so far has been kine-
itesimal element of the surface, matic in nature.

1 d.A As examples, let us compute the stretch rate K

K = -- (2.1) for the three common flame configurations' 5 shown
A dt in Fig. 3. The flames are assumed to be infinitely

thin for simplicity, thus the stretched surface is the
with the boundary of this surface element moving flame. Figure 3a shows a planar flame situated in
tangentially to the surface at the local tangential a divergent stagnation flow. Assuming potential flow,
component of the fluid velocity. In terms of the flow the velocity vector is v = {[a/(r + I)lx, -ay, 0},

A

dRf

Rr

y ax -ay, 01

U-

(a) Stagnation Flame (b) Propagating Spherical (c) Axisymmetric Bunsen
Flame Flame

Fu;. 3. Examples of stretched flames: (a) Stagnation flame, (b) outwardly propagating spherical flame.

and (c) axisymmetric Bunsen flame.
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where a is the strain rate of the flow, a = 0,1 for respectively. From the viewpoint of asymptotic
cartesian and cylindrical coordinates respectively, analysis with one-step reactions, K1, is a more nat-
and the x- and y-velocities in the cylindrical coor- Ural representation of the stretch rate because the
dinate are those in the radial and axial directions reaction zone is thin and is therefore indicative of
respectively. Since V = 0, Eq. (2.2) readily yields a well-defined "'surface." In realistic situations,

however, the multi-step nature of the chemical re-
K = a. (2.4) action schemes, and the possibility that completc

reaction may not he achievable. render this reae-
Siiilarlv it can be shown that for ait outwardly tion surface less sharply defined. On the other hand,
propagating spherical flame (Fig. 3b), both numerical and experimental results have shown

that K,,, which is not directly affected by diffusion
2 dRf and reaction, can be easily identified. Furthermore.

K= - (2.5) K. can also be considerei as an imposed parameter
Rf dt while Kb is strongly influenced by the flame re-

where Rf is the instantaneous flame radius, while sponse. Thus we shall adopt K. in subsequent dis-

for the conical surface of an axisymmetric Bunsen cussions.

flame (Fig. 3c), The influence of stretch on the flame response
can be discussed based on the scales as well as the

u. sin 0 tangential and normal components of the flow field
K = -- , (2.6) at the flame. Let us first consider stretch at the

2R1f hydrodynamic scale (Fig. lh). Here diffusion is not

%%-here n, is the uniform upstream veloeitN, 0 the important and the entire flame can he considered
to collapse into a flame sheet. Thus the hurnin

apex angle, and Hf the flame radius at a given axial intensity of the flame, such as its temperature T,
cross section. Note that K > 0 fbr the positively- and burning rate in,,, are not aflected h stretch.
stretched forward stagnation flame and outwardly- The presence of stretch, through the tangential ce.
propagating spherical flame, while K < 0 for the locity gradient at thre flame and quantified b% the
negatively-stretched, or compressed, Bunsen flame. Karlovitz number Ka, changes the flame surface area
The signs of Figs. 3a, b and c are also reversed for A and consequently the volunetric burning rate
the corresponding flame configurations of the rear- m,,A. Thus positive stretch increases the voluimetric
ward stagnation flame, the inwardly-propagating burning rate while negative stretch decreases it. \We
flame, and the inverted flame if only the effect of shall refer to this stretch as hvdrndvnamic stretch.
flame structure is considered. We shall demoii- The role of the noral velocity gradienit is to allow
strate subsequently that the flame response can be adjustment of the flame location in the normal di-
qualitatively reversed for positive and negative val- rectiun so that the flame situates where the local
ties of K. flame speed balances the local normal selocit\. that

Recently the flame behavior in rotating flow fields is S,, = -v,,. Thus the combined effects of the tan-
has also been studied by using a rotating stagnation gential and normal velocity gradients are the dis-
flow systerni 7  and via tubular flames. 2 anb Stretch placement of the flame surface, distortion of its to-
rates experienced by these flames can be individ- pography, and modification of the volumetric burning
ually calculated. rate.

There are also stretchless flames. Examples are In the transport zone the tangential velocity gra-
the steady and unsteady one-dimensional planar dient directly affect the normal mass flux nI, en-
flame, and the stationary cylindrical and spherical tering the reaction zone. Furthermore, through in-
flames sustained by line and point sources respec- teraction with heat and mass diffusion, it can also
tively. modify the temperature and concentration profiles

The stretch rate K can be nondimensionalized by in th e atr con cntrin imlen
the harcteistc fow ime ithn te fame inthis zone and consequently the burning inten-the characteristic flow time within the flame, sity, T1, and mns,, in the reaction zone. We shall re-

/ fer to this stretch as flame stretch. The normnal c-

Ka = -DK = - K, (2.7) locity gradient in this zone affects the residence tinie
SO, /(So) 2J within the reaction zone and consequently "I,, anid

the completeness of reaction. A measure of this ill-
which is the Karlovitz number mentioned earlier. fluence is the Damk6hler number Da, defined as
The significance of the functional form of Ka will the ratio of the characteristic flow tinie to the char-
be discussed in relation to Eq. (4.4). We further acteristic reaction time.
note that since stretch is associated with a given Finally, because of the secondary importance of
surface, for a flame of finite thickness we can define convective transport in the reaction zone, stretch
an upstream and a downstream stretch rate, K,, and has little influence here except for highly stretched
Kb. for the unburnt and burnt states of the mixture situations.
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It is important to emplhasize the different roles sitioti in response to chainges inI striteli sitil that
plaIxYed by the tangential and normal x'elocit% coi- complete reaction call he aclivex d. Siioplu is it ii.i\
poments in affecting the flamne response. Since these hie, coiisidcrahle disagreiiei-it exists ii In Oil,( loc-
twi) comp~onenits are coupled through conmtinuiity. 1)retatimi ot its hasi(' lpliciii it For exariiplI
(lifiliuial interaction, and thermal expanisioni the-re Karhitz al'ndt IwIS anid \ii l~l 1-1i( giielld tiilii
liais liveni soic (onftioi li the ljtiratiirv III istill- with iiic.islii flow (lix ercIin the vraiiiii ,I
guishing eflects caused tIx stretch friiim those cauised temipiratuiri and~ coicciittratiiiio ni lit-c tem fl iiu mh
h\x residence time. o~r Danki-hler numiber. cniisid- that extinictioin eciitialk uclei s ia ]c 1151 I tilt
erations. continuous rediutin in the temiil.eratiirc .I the re-

We also note that hy'drody'namic stretch and( flame action zone. ( )i the other hand. Kliioix aiid then
stretch canl he strongly coupled in that the hy'dro- Williams' suggested that qpositi~c) stretch temi(ls to
dynamnic stretch imposes the stretch intensity at the thin the flamec slmeet convectix cl aind tom Stceiiii
flame needed for flame stretch calculations, while tile temperature andl concentration gradients xx ithiii
the flame stretch not only vields the horning rate it. Conflicting statements abound iii the literat re
at the flame surface needed for the calculation of' To dlemnmstrate the influence of' stretch, let its
the hydrodynamic flow field, but it alsom predlicts such first consider the respo~nse of" at planiar adiabmatic flaici
critical phieniomiena ats flamec extinction. to acrudsinic stretchiiig Fig. 1.0'. A sinip~cle phe

The final point toi emphasize is thme fiexihilit,, with iiommmloglical amialxSiS27 
2, fir the contot iiioliiii

which at premixed flamne can adjust its location tii lioiuidd his the sti(eiiilms am1d tilt blliiilito ,
accoiimiodate changes in the normal velocitv \gra- the tlamiic \it-Ids lilatiiiiis fill the us criii ii1.s, (m]n
dient. Thus a change- in the stretch rate dfoes nit Sers atiOii, is oa

1  iier\, Li SCis ii too. 1iis ki
necessarily lead toita change of corresponding extent anee( at the re-actiimi tine and ceiiergx I ialani al II II(

ni the residence time. We shall call a flaime wvithi react ioi zonie,' wh iich are- respect is l~ci i-nti k
total freedom of adjustment ail unrestrained flame.

The influence of hy'drodxynamic stretch is quite m5 , nA,3
straightforward and will not he further dliscussedl.
Thel( influence of flame stretch will he studied li (T/, T 1,
the next two sections. TiiA1 i ", ,± i All

Y~ki~i~,, 3 2
Flame Stretch in lDiffusionallx'-Neutral Mlixtures

Ad(iabatic Unrestrained Flames: 1 ki. )

This is Perhaps the simplest sit uatiutm invxolvinmg ',, T.
stretched flames, with L =0, Lei = 1. The flamne ______ = Y~,~q3. 4
is also assumed to he able to freely adjust its po- 1

-~Convective Transport
.......... ...... Diffusive Transport

(a) (b)

Fic. 4. P'henonmemnilogy of an eil iimcal'srtle planai flamne o (:1r-tmprsoa o ll isstic

for the oimhuugomalitv (if tilt- ditlmisixi' flux. (h) Incoirrecti rvp-esemtauioi suiJ)pressing tlie tleuct itf stitliI
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where c,,, X alnd pl)) are assumed to be constants. results Irclaill the Salli except In,, is iiitied a(-

ki, = B exp(-T,,/T,) is the reaction rate constant cording to Eq. t4.2)
evaluated at the reaction zone, and Ynl is a char- There appear to be different causes leading to
acteristic reactant concentration within the reaction t he various earlier interpretations of the etl ect of
zone. stretch. For example, the argument in fa\or of i-r-

Approximating YR = Y,, and bri = r6D, where duced flame temperature discusses only the lega-
,= ,/T Eqs. (3.1) to (3.4) constitute four al- tive effect of stretch on flame temperature due to

gebraic relations from which we can solve for the the difiusive transport of heat and radicals away ftion
four flame properties, namely the flame tempera- the reaction zone, but it fails to consider the pos-
ture Tb, the upstream burning rate m, the down- itive effect of reactant diffusion into the reaction
strean burning rate 11b, and the flane thickness 8D: zone. The argument based on reduced flame thick-

ness (foes not account for the fact that the flanie,

r,, = T,, + (Y,,q/c, = , Tr, (.3.5) being unrestrained, can move freely in response to
changes in stretch. There are also interpretations

i,= E"(X/CV)i/2(k}D)l
/ 2  

o (3.6) based oil sollie nioidilliliisiiiual and/or tianstOriiled

coordinates which however depend omi the stretch

1 
( rate.

nm, = mu,(A,/Ab)=- om(Au/A,) (3.7) Asymptotic analyses t 59 have confirmed that T,,
is invariant to stretch while ni/, is reducedl tili the

8D =(/cv)/in . = 5 (3-8) unstretched value ino, by a fractional ainio iit Ka.
However, the discussions of Refs. 29 and ( oil the

Equations (3.5) to (3.8) show the interesting ie- reduction of the total extent of reaction across tle
stilts that the important parameters T,. In,, and 8 1) flaiie per unit surface area. and oi the cxtii tio

of this adiabatic, diffiosiomally-netitral, unrestrained behavior of such a flame, have overlooked the licts
flame are not affected by stretch and therefore as- that flow divergence is actualh\ the i najor ciiise t
suIt. the corresponding values of the oie-diincin- this reduction, and that extinction is lirollght aout
Sioual unstretchd flame. The dovwstream burinig with oly a smiiall amiount Of iconphleterlati'on
rate mu1, is modified from the unstretched value To forther substantiate the insensiti\ it0 f tlaiiic
mo), b\ the area ratio (A,/A), which canl he consid- thickiicss to stretch, the teiperature profile a ros
ered as a measure of the extent of stretch due to an alnost adiabatic, diffusionall\-neiitral. ethiime/air
effects of both flow divergence and thermal expan- flame in a snmetrical counterflow has b.cn e X-
sion. It is also clear that, because of the invariance perimentally nicasured.31 In Fig. 5 these teipier-
of the flame temperature, extinction cannot be attire profiles are superimposed by shlftiiig their
achieved for this flame. For a curved flame the above spatial locations such that the upstreaii boundaries

C2 -6 /Air, (= 0.65
1600 K, sec" Ka

1400 o 111 0.072
1200 150 0.102 ;;

A 184 0.120
1000...100 x 282 0.184

'- 800 ~~Luminous ...

E 600 Zone

S400

200

0 . . . . . . . .

0.20 0.25 0.30 0.35 0.40 0.45 0.50

Shifted Spatial Coordinate, cm

FI(:L 5 I le nmeincntal teiiperatirt. profiles of ethiaiin/air flaio eS, itti coor(lliatt.,timtt' to tiiiot ii,

tih minimnal imfluince of stretch oil the flamie propelrties, tspecially the flame thickitss. fir diatia ti
iiirestraied. diffusionally-moutral flames. "
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D)YNAMIICS OF ST'RETICHIED FLAMNES

of' thle luminous zones coincide. it is seen that these anid ther'e[)\ ass uile at negative flan te speeJ. 2" 2h

temperature profiles, arid thereby the flamne tei- fuiel consumption anid heat release rates arc' of cloiist'
peratures anid thicknesses, are basically unaflected still positive. Combustion Ii this situation is %Hp-
b% stretch. Thle thicknesses of the luminous zones ported by (iifhision of* the reactants against thlt till-
atre also not affected. It is significant to note that favorable convection. The existence of' negative flaic
at the state of' extinction, caused by. incomplete re- speeds has been experimentally ver if, ed35 fIr sot-
action to lie discussed next, the stretch rate for this peradiabatic flames whose downstream teilperature
mixture has been determined to he about 320) s - Iis higher than the adiabatic flame tempel~rature.
Thus the flamec temperature profile remains insen- Adiabatic negative flame spe'eds have not been oh)-
sitixe to stretch upl to stretch rates sufficiently close served.
to that of' extinction. This expe'ri mental result has Anot her exam ple of' it rest rained 11am ec is thc tip
Jolso been corroborated by numerical solult ions.' segmnue t of' a Bunsen flame beicause tlit* orieintation

U sing D,, = 0.2 ci 2/s as given in Ref. :32, anid (of' the shiold er segmlent is sominewhiat ti 'cdi fo r" a
S;= 17.5 en /s deterinmed lin the manner of' Fig. givenl mnixturec flow, atid ficalise tile( iipstrcail fi thu i

16 which will be discussed later, the Karlovitz speed at the tip is also fixed at thre value of the
niuimber Ka lotr the situations of Fig. 5 al also 1ie local flow velocity. Tlhus tlec flanite pe I Iii is a
estimated. It is seen that these values are all sif- given fparaimeter insteadi of' at flamec response to lit
ficiett smnallecr than un it\-, specifically, the exti itt- solved. Indeed, ilic exepi on allyv larige sal oc ot t lie
tion value is on ly Ka_ = 0.2. ''1am e speed" at the flanme tip' has loing becii aI

We mention in p~assing that in w.riting tilt ox (rail aliotnaly in 'oillibiltiOii SCienlce. Sonic prt'lIiiiar
energy balatict' of' Eq. (3.2). it is t'ssential that the thetoietical aid experimii'ital iiix stigatiotis" "' tlaxt

llifluisivt' flux is itirmal tio thel reactititi iztitt as shiowni beent ciiilcd. altlititigli thc e tailt'd stiutrer' td
Ili 1-ig,. 4a. It'th tll ifisis' flox is force-d to it' aldotg this rt'striamt'tI higlils-curs ci flanie t'i It'i t-
tilt' strt-antliiuts Fig. 11b. theni the (diffuisioni tertit qiiii-Cs I trtht'r sttidl
in) Eq. (:3. 2) is stuppressed, resutinig iii

to1, = )I4:AbA,,), rill = m'o;, (1391 oaibti lms

'[lit efleets of becat loss are iquite olmio is. it sf055s
\%,Ich are completely conutrary to Eqis. (:36) anid (1.7), tlowit the b urning rate and( call cxci tnalsy catise cx -
Mid~ ait' incotrrect. Thus it is necessary to perwtiuict itit Aerdnai st'tci tg ci ai gt's th li' w x -
tlit' orthogonal ity relation b~etween thle flamne stir- i tv tif' at flanme ti t he lt'at sink wileI flatiie t'iii-

facee atid the diffl"iiVe fl uxes when perfrinmg "quasi- vatutre also changies thre iiitt'iusit5\ of' tilit' he at fluiix
inte-di ic'isii tial'' analysis. Ii fict . thie planar flamies lover tiit- flatk mit'si i-btt' Titus thit uilsietCo (f* AlrtCl

In thet divergeit flow fields of Ref's. 33 and :34 art' arid hecat ltoss arc- intii att'et coup~ledl. Libh i andi t
st rttch less, accordinig to the dlefintition of' K iii Eq. WilIliamus" "' haxt' pm.'rfortuied dtetai led anal\s-sis o f
2. 2'. becaust' diffusive transport has been alss ii me i mnad iabat iC COcit 'rfli w flat ic's. Es pe ri mittit a If

tot oin- alomig thre streamlines (v X n = ). L-aw ct al. have foundi that doxs nsStreaiii loeal hiss

doeits not strtmglv atfltet till' flatit' it-hax iol is hlng
Adiabatic Restraiuned Flamnes: as tilt, flanie is not too clost' tit th itufld stauna~t imti

stiufaice.
We inext 'onidier sittuations under which thet f'et'

itoseojient of a flaitie in response to stretch is rt'-
strained, as typifiedtb the strongly-stretched stag- Flame Stretch in Di ffusioiuallx- imbalanced
tat ioni flamne.2 "'- Tht' flaime is noxw situoatedl clo st' MIixtures

li te stagntatiton sutirfacee arid tht're by lost's its flt'x-
iihty to mtove fret'i. If' thle stalgnatinu rf sirhce is 11COII~oi

iadiabiatic andltft''i-l imne(trabile tio nett mass
raiisft'r, then wyithli frther inticeast' ill StrCteli till' \\bilc flit' st r-ccl I sicals fits iii iiilla i i i
reideict' timie tcre'asc's, the flaime becoimits tin- tilt tilt' pitupaig~ttiii ioi an adtiabtli(i. difhtisiik
tir, comtpl'te re'actioni caninot be achiievt'd, arid (-X- litital, oirestraitted fliame,' the flaliit losponisim
tnctitrn even tually occurs. Ext inctiton in this ease is be' sigi iifictk I tv ii e tolfclIn thie piesclitti of ut1-

causetd Iv stretch -idi ced inucomp llete reaction, tiot ('ren tial difl I i sii i. 'To dt'emoniist rate t lis i til iwe tit'x

I\ strt'tch altone. 'The Damkbh Icr number now ex- first t( iti l~t thiri ate at feast thIiret' tiil ix it
t'rts a mtutch stronger role in tht' flamne behax iit. oif' ittr'est for ani itort-abtitdatit nittuirt'. naictti'
t'specially thes state of' extinct ion. thotst' assoiciated xwi thi be'at (D,),~ the detficiet I teat -

If the stagniatiorn sit -fce is pt'net rahlt', as iii thet tan t I), .anid thlit excess reattamnt (1)). Froti thbest'
case of' imopinging the ctonmbustible inixtuirt' agaitist thiree. il itisivi tics twot initerprt'tat ion s for tilt eff'ects
at hot produd tie ras stream, thlen the reactiton zone tof' pref'm.rt'ntial d iffutsionlim baeIiein d.extltped . ciotlt-
tat at i l, mviiigrate ac'ross the stagnat iion siu-fact' patring 1), with I, anr ,d 1), xwith Dth, for si iliciet \I
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off. and( near-stuichiometric situations rcspectivelv. cause heat difluisioii is at Crucial iiiechanisiii III tlaliii
TIhese two interpretations can be respectively termed propagation. Experimental results"4 also indicate that
non-unity Lewis number (L~e =D-/Dj) effect and the Lewis number interpretation seems to liave at
differential diffusion (DI/D) effect. wider range (of applicability.

We again take the stagnation flow as anl example If we now attempt to extinguish this stagnation
tFig. 6a), and draw a control volume enclosing the flame by increasing the stretch rate, the flame will
transport zone aii(l the divergent streamline as be pushed closer to the stagnation surfice. At the
showvn. Then with thle Lewis nouinber in terpreta- same time it will s uffk'r stronger flame stretch ill(
tion. 1i2. 13 it is clear that the control volume loses thereby preferential diffusioii effects. T[los it is car
theriial energy to the external streamlines while it that for Le -> 1, there e 51515 a critical Nitreti h ite-
gainus chemiiical energy front tie m due to an in - at whiich T,, will be redutced to such an e0 int thfat
crease of the deficient reactant concentration. Thus steady burniiig is lilt pONSIllIC. EXtiiictioii occursN
the flame behavior, especially the flame teminpe ra- when the flainie is at a finite (list ance awa\ fro dii
tore, depends onl the relative rates of heat and mass surface, with the lean reactaiit almiost ,oiipfe](tefv
dithision. If' the diffusivities are equal such that Lei depleted ii crossing the flame. Onl the other hiaii.
= 1, then total energy conservation is maintained for a Le < I flame, increasiing stretch elevates Thi,
and the flame temperature is the adiabatic flame anil therefore extinction can not occur* ui filth
te mperatuore. This is the case studied in the pre- downstream b)00ndarv of' the react ion zon iie is pi sIied
violis section. However, if' Le > 1,. heat loss ex- oiito tit( stagnation sourface. Vi tihi frt liir stretch -
ceeds mass gain and we expect T1, < T~j (onl- ing. reaction cainnot lbe comilted hecause of tin(
verse1 s TI, > T,, if' Le < I1. reduiced residenlce t ili 0 1 Oiwnth will theiii lei

Wie nex t take the differential diffusion in terpre- teniperatuire start to (decrease. leadll- ii I 5e ii ill'
tation . Then if the leaner reactant is also the more extinction. Th us tilie ext inction imiechiainiism iis s ito i-
diffusive one, the reactant concentration in the re- far to that of' the Le = I case stud~ied p)iviuis .
action zone will become more stoichiomnetric such except the extinction stretch rate with Lc -_ I is
that the f1am c te mperatu re is hiigher aiic the houin - hiighicr in order to compen sate liii thle li glier ha ilie
iii moore intense. The converse holds if' the leaner temperature initially attained.

reactant is less diffusive. In the following we shall Thie second situation iflustrating flaii stretch 0t-
adopt the Lewis number interpretation because (off- fects involves the burning inteiisity over thle curved
stoichiomietric burning is imure prevalent and he- surfauce of' an axisvimetric Bunseni cone (Fig. 6bl.

Here if we assume for simiplicit% that the flos i.s

Stagnation Sufcniform, then flame stretch is inai n l mailifes tedl
Sianaion urfcethrough curvature effects, especially. Ill tfie till re-

gion wvhich has the strongest cnurvatuIre. 'lThus 101
closed till, its coincave' natu re tiiward s tit(' tflecshf

ci onuiin Con Zoune mlixture ficuises the heat ahead iif the flaiiean

assDiffsionthieref oru tends to raise thie tlinu ic'ipetitu to ii,,asDfuinDiffusion of v \aluie above T,&. Oni thit Ii er hand. t his (o'Iii lire
Diffusion of has it defocu sing effect i the reactan ts a1)priiacf iii

the Ilanie, ad therefore tends tio redlic tie( flait i

temp Ieratu re. Tfhus the tem iipe ratutre (if' thli filii
again depends o)11 the relative rates of' heat aiid ii ass

(a) (litilUsioul. lT' cdeviatioii increases progressive1 
v ho10i1i

thle flame biase towards thle fliaie tip because of the(
coirresponlding increase' tin tile, stretch iliteisit\ 111115

Hteat Conduction filr L~c > 1. the( till wifl burn 11110' iiitu'tisok Ici-
ativv to thle shlucir reil o thw tlaios' \\Ilk fuIllt

Mass Diffusion Lec < I the bu1 rning is. lcess in tcu( an ~ d (al lead toa~

local cxtinction, commiiionly knuiwn as oituiliig if tfii(
tip. Note that buecause of' the cuuii lr('s sm oati rof

the Bumse 150lanie, its behavior tin re'sponse' ti i I,(-\%is
numbnier variatilins is completely' oppolsite tio that of
the positivcIY -stretched stagnation flame'.

(b)

Fi; 6. Scemiat ics of' (a) the stagnatloll flow. ath Ene rgy Conmiservaitio~n

hI) the Bu11nseni flamse. illiistrat ing the cou pled influ- Thle above result that the temrn aurc' of the bu11rnt
enee of' flamne st retch and preterential ditfuision onl gas of' a cifusionally.-imblanliicd stretched flaien''l
lie flamne response. dleviate froni the adiabatic flamie ternipcratiIr(' o f its
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unburnt mixture appears to violate the principle of deficit in tile transport zone also increases because
energy conservation. To explore this point, Figs. 7a of the corresponding increase in the %olunie of the
and 7b show the profiles of the stoichiometrically- transport zone. Thus at any instant the increase ill
weighted temperature i. mass fraction Y, and the excess energy in the burnt zone is achieved at the
total energy as represented by the coupling func- expense of tile corresponding decrease in energs' i
tion P= T + '. for the case of Le < I for which the transport zones. Consequently il ainott of
T1, > rd where T,,, = T, + Y._ -. It is clear that excess and deficit energics exactl\ lallit
in a stea(d-state situation, as for the stagnation and
Bunseni flames. energy is not conserved as the fresh
mixture traverses the flame. This is a local phe- Theoretical Results:
nomenon because only diffusion normal to the flame
has been considered. It is reasonable to expect that Most analytical studies on stretched Hlaines ir
global energy conservation can again he established based on large activation energy asymptoties. "lhsc
by considering diffusion of the excess/deficit heat stl1" s call be grouped into three categories. nal'lc
or mass in the tangential direction along the flame '. dilti-scale analyses of a generl wrinkled flauii
within the transport zone of the entire flaine sur- it t nonunitform flow, 4

. 5 
47 (b) detailed tial vs s of

file(.. a specific fliane cotlfiguratiol suicth as t cli ttili,)1 1
The consideration is somewhat different for the flamie, W A2.43 th 5S the Btusen flari. i " - ,, 6, till

expanding spherical flame because the cnttre flam e spherical titii le, o the tlbilar ftl3t..-1 2-, anI
surftace is already accounted for. The profiles of Fig. kco analyses involving flame/flow situationts haat-
7 are now instantaneous values. Energy in this case terized bv some prescribed mathematical {'tre, of
is conserved in that the increasie in energy of the strtch.69,1 

72 The first category, while geet.'al iil thW
burnt gas over Iat is achieved by drawing excess physical situations, yields only linearized FesultN flor

eitergy in terms of the reactant concentration from weak stretch. The second category, while being
tile upstreami mixture. As the flame expands the specific in the physical configuration, does predict
alultnt of excess energy associated with the burnt nonlinear phenomena such its extinction- Ihe thi'd,gas increases because of the increase in volume. category cal also be very useful in idcntit~ig some

However, at the same time the amount of energy specific features of stretched flames. Recently the
method of integral analysis has also been ap-
plied 27 "

1 yielding characteristics of the bultk ftlame
parameters which appear to be both zeeral and
capable of exhibiting the nonlinear effects of st ru i

T >TWa stretch atld flame extinction.
t _K "=T h Tte linearized solution of Bef. * 27 ,ie's the lol-

Y. .¥ lowing explicit expressions of tie ,arioils litllic r.c-
lisponscs for a wrinkled flame ii a nmiiifoin flow

field:

.. , T, I - K
Distance If+ e T 41!

= -- = - i n
\)'/ S;;

+ 1 \ ',Kft ,|

- 1 = I + -_I +.31

1m,, Le (Le (2T,,,I/TQ

where

Distance

Ka = K(="1*(;. 7. Schematics of' (a) the temperature and K S;; ()

concentration profiles, and (h) total energy profile
for a Le < I positively stretched flame, illustrating 1) i"l 4
the disetssiois on energy conservation. [S::l- i)12 K A 4,
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Le >> I Le S 1
xtinctinon Extinction

Increasing

0

Le = I Extinction Le << i
/Extinction

Distance from Stagnation Surface

FIG. 8. Schematic showing the response of the reaction rate to increasing stretch in a stagnation flowk.
for various Lewis numbers.

73

( = = f(T. D' st,, weighted difrusivity D:, can be defined, as in Eq.
T s) = S'(Le1 (4.5).

A generalized nonlinear theory of wrinkled flames
based on differential analysis has not I wen toru -

- (4.5) lated, although an integral theor\ has been ad-
S,(Le = 1) vanced.ZS The salient features of the flame re-

sponse, however, can best bc illustrated b\ the
and we have used the relation S,,(Ie) = inmerical solution of the simple adiabatic stagna-
/-S(1). tion flame. 73 '7 Figure 8 shows the qualitatice bc-
The above results show that the flame temper- havior of the reaction rate profiles with increasing

attire can deviate from the adiabatic flame teiper- stretch for various Lewis numbers. 7 " For L.e >>
attire only in the simultaneous presence of stretch 1, increasing stretch decreases the maxinlul re'ac-
(Ka 6 0) and preferential diffusion (Le # 1). The tion rate and extinction occurs when the reactitinmodification in the downstream velocity results from zone is away frorn the stagnation surl'ic' and Ic-

flow divergence and changes in the flame temper- action is complete. For Le -; 1, reaction rate still
atrre and thereby burning intensity in the presence decreases with stretch except now extinction occurs
of prefr'rential diffusion, as given by the second and with the reaction zone pressed against (it, surface
third terms of Eq. (4.3). The modification in the and reaction is not complete. For Le = 1, the re-
upstream velocity results from the flame curvature action rate remains unchanged until the reaction
and the preferential diffusion effects. These results zone reaches the surface. Finally, for Le < 1, the
essentially degenerate to Eqs. (3.5) to (3.7) for a reaction rate continuously increases with stretch tild
planar, le = I flame, the reaction zone reaches the surface, then it de-

Equation (4.4) shows that the effect of stretch as creases. Tlhus except for the case of Le >> 1. in-
represented by Ka can be increased by increasing complete reaction is essential in causing flame ex-
the stretch rate or mixture diffusivity, or by de- tinction.
creasing the flame speed. We also note that be- Figure 9 shows variation of the maximum flame
cause the laminar flame speed S', increases with in- temperature with stretch for different Le. The he-
creasing Lewis number, the dependence of S, on havior basically corroborates that of the reaction rate
the mixture diffusivity can be actually non-mono- profiles.
tonic. It further implies that the preheat zone The influence of reaction intermnediates on the
thickness 8.- depends on the geometric average of response of stretched flames has not been ade-
the thermal and mass diffusivi ties, from which a quately stu1die(.1 7. Numrerical soflutions of tile
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consequently rendered iore less) stoichi nctit at
the flame, leading to enhanced (reduced) Itrllll

intensity.
< The second group consists of rich nethane/air

Le I 1 and lean propane/air mixtures, whose eflectis e Lewis
E numbers are greater than unity while positive (neg-

ative) stretch also renders the mixture less (nlore.
stoichiomnetric. Thus the responses of these twoE groups of' mixtures to stretch are expectetn to heE
qualitatively opposite.

Three series of experinents ha e bceoi toil-
Increasing Stretch ductecd using these mixtures in flame configiration)s

exhibiting positive and negative stretches. For p o -
Feo. 9. Schematic of the variation of the maxi- itive stretch, extensive experiments have becn per-

mium flame temperature in response to increasing formed by using the symmetrical counterflow s s-
stretch, for various Lewis numbers. tern2.8' - 8-3 This svstenm has the advantage over the

one created by impinging a single stream onto it
solid surface in that, because of s vmnmetrv, the

stagnation flame with complex chemistry75 - 77 have stagnation surface in a counterflow is close to I)eing
shown that the behavior of the bulk flame param- adiabatic.
eters are in qualitative agreement with interpreta- Although theoretical results show that both the
tions based on a single reactant, without consid- flame temperature and flame speed exhibit flame
ering the possible preferential diffusion nature of stretch and non-unity Lewis number effects, ex-
the combustion intermediates. Reference 76, how- perimental determination of the flame temperature
ever, has noted the role of incomplete reaction of' is more definitive as compared with that for the
the I1 radical in flame extinction, while the asynp- flame speed, whose value depends ol where it is
totic resul ItsT obtained with a two-step branching- evaluated. Thus in Fig. 10 we show the nteasuired
termination chain reaction model have shown that flame temperature T, an(d the distance of the center
depending on the parameter range the mass burn- of the luminous zone yf from the stagnation surta'ce
ing rate can be either increased or decreased. with varying stretch rate. If we exclude the small

reginies near extinction, the results agre. with iptre-
l"xlwriuiental Rle.sults: violus discussions ill hat with inlcreasicN str'tcth tli-

flame temperature increases lor a lean nietlhatm/air
The above discussions show that the response of flame and a rich propane/air flame, decreases fri

a stretched flame exhibits opposite behavior when it lean propane/air flame, and slightly decreses for
the stretch changes from positive to negative, and a rich methane/air flame. Furthermore. the I111
when the mixture's eflective Lewis number is greater extinguishes when it is away from the stagnatin
or less than a critical value, which is unity for the surface for rich methane/air and lean proplle/all
flame temperature. These completely opposite trends flames, and at the stagnation surface otr lean meth-
should provide definitive verification of the concept ane/air and rich propane/air flames.
(f flame stretch with preferential diffusion. Next we examine the flame temperature re-

Two groups of mixtures are especially suitable for sponse to negative stretch, provided by the imcreas-
the study of preferential diffusion effects. The first ing curvature along the surface of an axisyininetric
group consists of lean methane/air and rich pro- Bunsen cone. 44 4 . 5 The behavior should be con-
pane/air mixtures. Rough estimates3 2 show that their pletely opposite to that of the counterflow flame.
effective Lewis numbers, based on the deficient Figure 11 shows the measured maximum flame
species, are less than unity. Thus positive (nega- temperature Tf along the flame surface. Excluding
tive) stretch is expected to increase (decrease) the the segment near the flame base where burning is
flame intensity of such mixtures. This argument still weak due to heat loss to the burner rim, it is seen
holds even if we just consider the relative mass dif- that as the intensity of negative stretch increases bv
fusivities of the fuel and oxidizer species. That is, moving along the flame towards its tip. the flame
based on. nolecular weight considerations, we ex- temperature increases for the rich methane/air and
pect the diffusivities of the various reactants rela- lean propane/air flames, but decreases for the lean
tive to nitrogen should increase in the order of pro- methane/air and rich propane/air flames. The neu-
pane, oxygen, and methane. Thus positive (negative) tral compositions are approximately 4) = 1.00 and
stretch will increase (decrease) the methane con- 0.94 for methane/air and propane/air flames re-
centration of a lean methane/air mixture but de- spectively. Figure 11 further shows that eth\lcn.
crease (increase) the propane concentration of a rich whose molecular weight is intermediate between
propane/air mixture at the flame. Both mixtures are those of methane and prl)opane, shows almost neu-
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2000 1 800
CH 4 /Air

1900 17OD 00 ' = 1.24

1600 ~0.80
1800 °50 0.80

1700 0.82 400

1300
1600t 1.o50

1200
0 12 34, mm

1500 CH4/Air  (a)

1400 1900 so

0 1 2 3 4 5 C3 Hs/Air
Rf, mm 1700 ,D 1.41

16000

2000 
0.70

4) = 0.94
1900, O 130

1800 0.79 2

1700 (b)
1600 .38FIc. 12. Experimental results on the th..-o t ,in-

1600 perature of two-dimensional Bunsen flames ,I ..)
methane/air, and (b) propane/air mixtures, show-

1500 C3H/Air ing the lack of influence of preferential diffusion ona
stretehiless flaines."

1400
0 1 2 3 4 5

mm, MEq. (5.2) is essentially the criterion for blowofl (of

inverted flames) as originally advanced by Karlositz]

and Lewis and von Elbe.2 This stabilization uch-
anism is dynamic in nature, and strictly speaking is

1800 ,= 1.61 also not a stretch phenomenon because onl\ the
1700_,-_________ normal velocity gradient is considered. Indirectly,

1700 stretch may appear to influence flame stabilization
0.71 because of the relationship between the normal and

1600 transverse velocity gradients, and because S,, can

r) be affected by flame stretch through its coupled ef-0 1500 fects with heat loss, flow nonuniformity, flame cur-

vature, and preferential diffusion.
1400 The above stabilization mechanism is physically

sound. However, in an effort to be quantitatively
1300 C2 H4 /Air predictive, Lewis and von Elbe' further proposed

that blowoff should occur when the velocity varies
12000 1 significantly within the flame, or0 1 2 3 4 5

R f mm (' u 0()(53

Fic. ii. Experimental results showing the quali- S '
tatively different behavior for the flame tempera-
ture of negatively-stretched axisymmetric Bunsen The validity of Eq. (5.3), or similar expressions
flame for mixtures exhibiting (CH,/Air, C1H,/Air) with different forms of velocity gradients, has been
and not exhibiting (C2H4/Air) preferential diffusion extensively explored. 2.92-g However, the meaning-
effects. '  

fulness of such a criterion and the fidelity of the
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40 Equivaleno: Ratio (4)) CC CH 4/Air

0 * 1.55 0.0.19 1600
O .43 0Os085
o .1.30 0.0 85 1200

& 1.13 0-0.78

30 - ......... o

400

0
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

E (
1 . ___________ (a)

2000

C 3 H8 lAir
1600

1.0 1200

400

0 10 0 30 40 %0 6 0 8 .4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Rf, mm (

FIC. 13. Experimental results of the flame speeds (b)
of the positively-stretched outwardly-propagating Fic. 14. Extinction stretch rates K,, for the syin-
flame for propane/air mixtures exhibiting prefer- metrical counterfiow methane/air and propane/air
ential diffusion effects. 86

87  flamnes.'

comparisons have been seriously questioned."'~ 9 in light of our earlier discussion, the possible
Kawamura and co.-workers 9 1-'00 have also shown that failure of Eq. (5.3) can be appreciated for several
flame curvature, instead of flow gradient as given reasons. First, the original postulate 2 of Eq. (5.3)
by Eq. (5.3), yields better correlation with the is based on the concept that the flame temperature
blowoff data of inverted flames. is reduced with increasing stretch, which eventu-

2
Su

Stabilization

so Point

Flame V

Centerline Velocity

'%Stabilization Plate

(a) (b)

FiG. 15. Schematics showing (a) flame/flow configuration, and (b) hiownif mechanism, of' inverted flatni-s.'
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11l1 cauises ex tinction. We have, howt'vt' r shown between thle ii or rical l -calcuilated S iil and cr -1
that the flame temperature can either icrease or mii tally -detenri ined S,, "1
decrease with stretch depending onl the natutre of' Recent lY thle syml Imetrical coiliri trflow flamie c(oii-
preferential diffuision. Second, Eq. (5. 3) also does figu ration has been used th r-ough wi i icfls itth (i-
not account for the influence of heat loss and flame fects can he sy'stemnatically subtracted out." ' ' ""
curvature onl the flame speed. Third, the inverted The experiment basically involves determiing tilt
flame does not appear to be sufficiently restrained axial velocity profile along the centerline of* the flow
to stiffer extensive incomiplete reaction. It is there- by using LDV (Fig. 16a), and identifyinrg the moin-
fore quite likely that Eq. (5.3) is not applicable to imurn point of the velocity profile as a reference
flame hlowoff. upstreamr flame speed S,, corresponding to tie iml-

posed stretch rate K. Thus by plotting S,, versus

IDeterioinatin ofLmnrFaeSed:K, S ; canl he unambiguously determined through
of Lminr EaineSpeds;linear extrapolation to K =0 (Fig. 161)).

In spite of thle technological arid fundamental ini- Figure 17 shows close agreement between the
portance of' the laminar flame speeds S', of corn- experimienitallv--detenniiined( S",' and the illnlnricall\s
htistihle mixtures, and the extensive efforts ex- calctulated valuiesl' 1 ' by tlii rg tile flanie code of'
pended to accturately determine their values, Kee et al. 1(8 Suchl Close agreement usCl tC tIdnd
Stibstantial systematic spreads still exist in the re- ranges of equivaleiice ratio anid pressuri' priSitn
ported data. While it is not always easy to individ- mutual support for the validity of' the e\periiintail
tially identify the causes for such discrepanicies, it methodology and the kinetic sc~heme, ats far ats laii
is recognized that since most of these deterinina- speed determination is concerned.
tions involve stretched flames stich as the Bunsen An accurate determination of' S,: also allows anl
anld iottwarollv-protpagating spherical flamres, the re- assessment of thle overall reaction order ii becauise,
ported data are actually S,, instead of S :. A partic- S, - Figure 18 shows experilnltall\- and(
o larI v seriotis in iplication of the infltience of'stretch nonlerically-determrined \aliies of' 11 ats a fiiiictioii of
is the potential inaccuracy in the kinetic i ub irnia- prcsotire for stoich iiti lin oethar c/air hla lits \Nith
tiori determined or validated through comiparisou varitius amlount of ititrogeii dilution 11"' It k~ scl

that n decreases withi increasing pressulre anldi I-
CH4/Ai r, 4) 1 trogen diltiini Sutch t hat it c-aii act ialv aSSo iii

300 ~negative v-aluies. This behavior is caused by\ the III-
'50 NN creased relative importance of' the three-btidv ter-

mination reactions tover the txvo-hody branching re-
2W-actioins with increasing pressure arid decreasing flam le

-; 1I0 temperature.

o0 Concept If Flan nability4 Limrits:
Refe nce S. Although the ternm "faniniability limnit" has been

0 0.05 0,10 0.15 0.20 025 0 30 0.35 widely and loosely applied to diverse situations iif'

y. cm trnsuistaiiiable comnbustion,97, 1
11 124 thle gelleril

(a)

Ka
0.0 00'.04 0.06 1)08 0 10 0.12 0.14 0l 16 2

S 0 7-

~ 82
- *83

~~N PreI ()~, ~ . ssure, atm

H'o_ t6. Priiciple of' courterflow intotiiidoog\ inI Fi.. 17. (onpati soli bt%t''i t'xpniiiittittst
I ierioloiiig S;>. (at) \'elocitv prohilt' alid eili'hiriijl of' i('rrilined S: b% usring tile cotirflo\% ienhiiri' anid

reritet'c S,, di) extrapolatioo of re'h'relni' S, tol yield iI IInrirral ly-nahtilited \afies b\ oirrlilt tul t (ul .
S kinnetirs (of' Warr atz for inttlari'/ai r flanlt's.
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70 025am sponding concentration. The values so determined
. os for lean and rich methane/air and propane/air mix-
A0M 0aim tures lie within the previously reported range of

50 30amam flammability limits containing the effect of
- stretch. 2 '12 Since this range is quite narrow, these

2 'a results suggest that the influence of stretch, even,
30 if it does exist, is probably very weak as compared

20 to other internal extinction mechanisms.
There are two possible internal extinction mech-

10 anisms which can cause the failure of the stretch-
, ,. less planar flame to propagate, namely radiative heat

04 0A 0.8 1V0 2 1 4 16 loss 124 and the emergent importance of chain ter-

(D mination over chain branching with the gradual re-

FIG. 18. Experimentally- and numerically-deter- duction of the flame temperature as the flaninia-
mined values of the overall reaction order n for bility limit is approached. Theories of flainnabilit\
stoichiometric methane/air flames with various have been formulated based on heat loss' -"' - and
amount of nitrogen dilution, demonstrating the de- chain mechanism,12. ' l s with the theory of Ref. 12b
creasing trend of n with increasing pressure and the appearing to be quite quantitatively predictie.
existence of negative values of n.

Flame-Front Instability:
consensus2" ' is that the flammability limit of a
comhustible mixture should be a unique physico- When a smooth flamefront is sub'jected to non-
chemical property of that mixture, being indepen- planar disturbances the resulting wrinkles can either
dent of external system parameters. As such, at the grow or decay. This is a stretched flame phenom-
flammability limit all external extinction mnecha- enon because the susceptibility to instability dc.-
nisms such as conductive heat loss and radical loss pends on the flame response to the deeloloinet of
should have been eliminated such that it is trulv the flame curvature over its surface.
the ultimate concentration limit beyond which There are two intrinsic modes of flamefiont in-
combustion is absolutely not possible. stability. The first is the Landau, or hvdrodvnaonic

As of now it is not clear what is the role of stretch instability, 129 which has its origin from thermal ex-
in flammability limits. Certainly if the earth's gray- pansion of the gas upon crossing the flame. The
itv is counted as an adjunct property of the mix- flame is assumed to be structureless, locally prop-
ture, then buoyancy induced flame curvature and agating with the constant laminar flame speed S,'
thereby stretch can extinguish a flame even in the (Fig. 19a). The gas densities assume constait but
absence of heat loss.97.9"'  Furthermore it is con- different values upstream and downstream of the
ceivable that curvature can develop over the sur- flame sheet. It can then be easily argued' that upon
face of a flame in the course of its resistance to ex- being wrinkled the flow ahead 'f the convex seg-
tinguishment. Extinction may eventually occur when ment slows down because of widening of the
the curvature attains a certain critical value. streamtube. However, since the flame speed re-

One conceptual difficulty with including stretch mains unchanged, a dynamic imbalance results which
as a viable flammability mechanism is the influence leads to a further protrusion of this flame segment.
of preferential diffusion. That is. depending on the Similar argument for the concave segment shows
nature of the stretch and the mixture's Lewis num- that it will further recede into the burned mixture.
her, flame stretch can either extinguish a flame or Thus the flame is absolutely unstable according to
support the propagation of a sub-limit mixture. An this mechanism, which involves only hydrodvnantic
interesting example is the phenomenon 124 of "self'- stretch without considering the eflct 'of flaune stretch
extinguishing flame," in which an outwardly-prop- within the fl;mc structure.
agating flame can be initially established in a sub- The importance of diffusional transport on flaunc
limit Le < 1 mixture because of the enhanced stability can he readily appreciated b\ considerwo
burning due to preferential diffusion. Extinction the eflect of heat and mass diffusion on the abilit\
eventually occurs as the flame size increases and of the flame to restore stability (Fig. 1911. Follim -
the stretch effect decreases. ing the same discussion as that for the intensii-a-

Recently the influence of stretch on the extinc- tion and weakening of the Bunsen flane tips, it is
tion of an adiabatic flame has been experimentally clear that a Le > I flame is stable in that the horn-
determined"' by first measuring the extinction ing is more (less) intense in the receding (protrud-
stretch rate of the symmetrical counterflow flame as ing) segment, which tends to advance (recede) to
a function of concentration (Fig. 14), and extrapo- resume its undisturbed position. Similar argument
lating the data to zero stretch to yield the corre- shows that a Le < I flame is unstable. Experi-
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which is assumed to react either at the adiabatic
Burned Gas flame temperature or in a temperature environ-

ment prescribed by, say, the one-dimensional lain-
inar flame. Recognizing that some of these flames
suffer stretch, which can cause modifications in both

Direction of the mixture composition as well as the flame tem-
j Flame Movemen perature, failure to account for these modifications

ucan lead to inaccuracies in the deduced chtniical
information. In fact, the need for an accurate de-

u >u < so  termination of S., as discussed earlier, stems from
such a concern. Another example of the concentra-
tion modification is soot formation in flames, ti,

Unburned Gas as evidenced by the formation of soot streak from
the tip of the Bunsen flame. 137 Studies of polihed-

(a) ral flames have also shown substantial composition
(Le < 1) variations from the ridges to the valleys- ": Because

Heat Focused of the nonlinear nature of chemical kinetics, these
Reactant Defocused effects obviously will not average out in the bulk.

/(Le>t1) 'fr Modelling of Turbulent Flames:

In a turbulent flow the fluctuating tot un i f( it
(Le1> ) local velocities impose aerodynamic stretching oni- H teat DEfocused

IReactant Focused the highly-convoluted flame surfaces. Thus the i-
suits of stretched laminar flames can be applicd to

(Le < I) certain situations involving turbulent pl-)('nttsed
(b) flames. The minimum requirement fir such an ap-

plication is that the flamelet satisfies the Klinio-
Fiu;. 19. Schematics demonstrating mechanisms of Williams criterion,,8.

1 39 which basically states that
(a) hydrodnamic instability and (b)diffusional-ther- the laminar flame thickness must be smaller than
real instability, the Kolmogorov microscale. Peters"1 has fiutht r

demonstrated that this criterion is equivalent to Ka
< 1. Since we have shown that the extinction Kar-

mental evidence of the above phenome3.. can he lovitz number, Ka, is sufficiently smaller than one,

Sivashinskv5 '3 has analyzed the diffusional-ther- it seems the criterion for the existence of lanin l
riainsky ° has nleing thermal exansion. - flamelets can be further tightened to situations sat-Aal instability by neglecting thermal expansion. isfying Ka < Ka,.

Analyses allowing tbr both hydrodynamie and dif- The properties of wrinkled laminar flamnes (a1 I
fusional-thermal instabilities have also been ad- related to turbulent flame propagation b%. trcatimoz
vanced by Sivashinskyd3' assuming small heat re- the wrinkled laminar flame simply as a stlttcmc which
lease, andJ by Pelce and Clavin' 2 and Matalon antd locall propagates with the upstreamn flame o(,cits
Matkowsky' 3 through multi-scale analyses. These S .The rates of flame propagation ind ful~e con-
analyses show that flames are hydrodynamically un- sumption are then related to the evolution of thi
stable when subjected to long wavelength distur- surface du e to the hydrodvnmic stretch of thi-
bances. At short wavelengths the diffusional-ther- surfac doeo th proper aaniistretc of the
mnal mechanism can either stabilize or further variation fi S,, with t oe local stretch it. ,)i to

destabilize the flame, depending on the Lewis flame stretcth.

niumber. The piopagation of a weakly-strained. ', akf'-
Sivashimsky et al.ch have also shown that plosi- wrinkled flame has already been discussed Flame

live aerodynamic stretch has a stabilizing influence propagation in medium- and high-intensity tnrb.-
on the flame. This effect is further demonstrated in lence has recently been atalyzed' 40 141 h usitntz thu
Ref 66 for expanding spherical flames. renormalization group method. Predicted results

agree well with experimental data obtained in high-
Concentration and Temperature Modifications in Reynolds-number turbulent flows, especially in re-
Flame Chemistry: producing the "bending" effect observed experi-

mentally. I
The study of fundamental kinetics is sometimes Another application of stretch in turblent flames

conducted by employing a particular flame as a is the flame dynamics in coherent structures. 112 The
'chemical reactor" fed by the freestream mixture, rolling tip of the vortex increases the total surface
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area for burning, although excessive stretching can whether the effective mixture Lewis number is
lead to extinction in the vortex core. greater or smaller than unity, and whether the

stretch is positive or negative. The extent with whic-h
the flame can freely adjust its location in response
to stretch, in order to atchieve COlimplete ietuctioi .

Stretched Diffusion Flames t teci re oahCCCupO CItO1
is also an important factor especially for extuictiiit
considerations. It is further clarified that flaime st,-

Compared to premixed flames, the response of bilization is an issue of dynoamic stahility', it is nidiffusion flames to stretch is less subtle. First we bther astrtce-fae p o n st anility iie-
note that even in a neutrally-diffusive, stretchless ther a stretced-flame phenpmenon nor an extc-
situation, 143 incomplete reaction, reactant leakage. tion phenomenon.

and consequently flame extinction are inherent fea- More research, howeve , is Stil leeded i -if 1

lures of a diffusion flame with finite rate kinetics. plete understanding and futher application of fli.
Furthermore, since a diffusion flame does not have stretched flame phenona. Soni of the s.iiii

a flame speed and thereby the extent of flexibility isstues oif ciurrent interest anid unpo taiinl rt.

of a premixed flame to adjust its location in the
presence of convection, convection across the flame ) A niifieai analsis oh thi clicd stittiellct
always reduces the residence time for reaction. This s ndixed flame, allvi il fblatc .slttl h\i
leads to reduced flame thickness, increased reactant is needed. The hir'iolatioi can he facitat d hI
leakage, and consequently increased vulnerability than oiie. The analysis should proide fiictthei
to extinction, insight into the insensitivity of the prope rtic

A stretch factor K can still be defined for a given of the adiabatic, unrestrained, diffusionals- nci.
non-uniforn flow field and a wrinkled flame sheet, tral flames to stretch, especially tt large strch
with n pointed opposite to the general direction of rates.
the flow velocity v. Stretch-induced concentration 2) The anticipation that energy conservation can
and flame temperature modifications also exist for be satisfied for stagnation and Bunseain aes
diffusionallv-imbalanced mixtures. Preferential dif- be satier tagntion andpBtnendsltoibeis only by considering tangential transport needs to lit
fusion, while still quantitatively important, is onl demonstrated
an additional feature of the flame and does not have 3) The role played by the preferential diffusion lof
the profound effect on the flame response as in the reaction intermediates, especiall% such lii -
case of a premixed flame. mobile and cheinicallv-crucal srec eis i\ tIle

A detailed theory of one-dimensional laminar dif- hydroge radical, on th d tables itt strctchii
fusion flames was formulated by Linan for the lamnes requires onre detailed stiid str up-

cointerflow configuration,144 with the assumption totic analysis using reduced kinetic scheiues i '

of unity Lewis number. This theory has since been appears to be especially Suitable fnr such anI II-
extended to non-unity Lewis number mixtures. 14s vestigation.
Explicit ignition/extinction criteria have been de- 4) Numerical i odelings of stretched flanie. " -

rived as function of the system Damkbhler number pecially those in the ciinterflow itufigliiaituli

which depends on the velocity gradient of the tlow, have employed different flow fields \Vlilc. thi,
allowing a priori assessment of the possible exi,- is ai't'o'ihht him tu ldl\i , ,,itldl', ,ak I l

tence of these critical states. A general theory tf alistic flow tield is i'eded who'l 'l ei l i

stretched, wrinkled diffusion flames has not bcc c
fbrnulated. Modeling of turbulent diffiusion flames datati e conerslil it. , iu I
on the basis of laminar diffusion flanmelets has beeu data The concern is espvmIs se i! Hi
reviewed bv Peters.ii chemical kinetic nmechanism used is ils nId

w bcertain and possibly requires "adjustinent
5) Experimental stretched flaie results arc t.

fluently reported iii teriis of tie global stictli
Summary and Suggestions rate. This can be quite different frou the lo(al

stretch rate determined by using, say. 1,1)\
Summarizing, the basic phenomena of stretched Caution is needed when comparing these dati

flames are mostly understsood, at least qualita- with the theoretical results obtained b% usmii
tively. Effects of stretch can be distinguished as those local stretch rates.
caused by hydrodynamic stretch, which does not 6) Explicit theoretical formulas have alread% been
affect the flame intensity but changes the flame sur- derived for weakly-stretched flames, at least tom
face area and thereby the volumetric burning rate, one-step reactions. Experimental results. hoss -
and by flame stretch, which modifies the flame in- ever, have been scarce A systemetic\pm -
tensity and can also cause extinction. Preferential mental effort should be mounted to obtaul dit
diflusion interacts strongly with stretch and can of high fidelity for stretched flames with plos1-
qualitatively affect the flame response depending on tiVe/negativt stretches and diflreu t prefercu-
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tial diffusion effects, and] to correlate them) ac- K stretchi rate sccI
cording to tile theoretical formulas. Kit KarfovitzL tumber

7 More effort is needed to integrate thle theoret- 1, loss parameter
ical results onl stretched flanies in the modeling Lc Lewis liiihem
of' tourbulent flamnes. Caution is needed to en - I mass borning rate per imiit a ivi
soje, os eraif energy conservation for dithusionl- 1) ostail letactioli onfdet
aif l-imhaianced mixtures. Flamec interaction, 1 unit niormal vector
dIiscus sed next, also needs to lie accounted for. p) pressil ie

Si Mu st Of thle stutdies Oil stretched flaines av q hecat of ciii if stitil
emiployed a solitary flame, which is either pre- lij radial (fillieisiimi(it tiditic
mnixedl or vionprenixed. However, in thle inte- t tinme
nior of a turbulent flamne, the Individual 11. T I' tei liperat im r anid sic iintrcls-eidt

melets interact with each other. Partial T
pr ,ui n also occu rs, resulting in part ially T, eia n ei ertml

prmixed flamnes. Some research has beeni con- T1111, ad iaf at ic flatnle tem pe'rature
ducted on these issuest, i-17-11 biuht morle is I, u flow velocity
nee'ded. v flaiie viclty

9 1T[he e-xistenCe 0f flaillmoabili t v i iits nleeds to be Ick react i rate of' ktli reacti)on
settledi. If thle\ indeed exist, then a general X. ?q Spatial coordinatte
tfieor\ of flammnability limiits is needed. Forl- '. Y iliass fract ion anti stichion iiet rica us -

thermiore. since a SUbhl iit in ixtumre canl be rei i wt igfi td
dered flammable, through either flame stretch
and/oir flamne interaction, the abssolute signifi- Greeks
eance of flammnability limlits also has to he as- c~i)ii iitii

1)~ A general theory' of stretched (lifhlsioi flaii'es 8 thiaera co taivmtfamv zn

is needted. x ijthermat it t it \

tHW diiitfio it-iolmltd's- smithI I)IitSUi the limit- Siltbscitii.s
iitL,1 tfsissii Vitll 1i ndt-iiijiueits fritium I)li, ( -- B liissof
V tinvmiiai. S. It. (:li. G. II NMarlstm'ii. \1 1)111 Tlrainsport. klvrot\ iaiiii. ivactitihh-
NIatafiiui NI. C Imungai. N. Petters. P1. 1). Ruiuio', tII se ies liii tlucmliial tlifisimiii imies

C 1 . Sisashiisk\ R. :v Strefilow. it, 'Istii. iiimd'tm-ii
1A \Viliiamns i thie vairloiis aspet-ts of strett-lem flailie

llamles. Thie cminiiied interest and fiiiding siiP~ilt I index foir species
i h yrii, ear-s from NSF, D)01' A FOSR1, ABA). andm b I, nb int antI buiirt states o f ixi Sl c
).H liav V beiei essential iii the author's purlsuit tit siir-facc. m'speciaffv flaiies

fmtinaeimtal -ombuistionm resear-ch sutch ats time topic b~,ilimtt
mc minewed hew ilie spIetiftic eflort s onl Strettchetd
fiallie hive fueeo siippiltetd 11iv DOE. aid A F sl.
Thie 1 iii'jiaratioi )I tis liilimlst-rmpt Iliks feice ably Soit~iip-
,issistt-d b%~ Drs. R'. L. Axelbtiim B3. [I. Chao, and o tite amlialmattit. mimstrett-femf plamnar flaimim'
S \;til and MIr, 1). 1, Z1111. to wliimio the itlir

etiids is appit'ciatiiiic
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VELOCITY AND SCALAR FIELDS OF TURBULENT PREMIXED
FLAMES IN STAGNATION FLOW

P. CHO AND C. K. LAW

Department of Mechanical Engineering
University of California

Davis CA 95616

R. K. CHENG AND 1. G. SHEPHERD

Applied Science Division
Lawrence Berkeley Laboratory

Berkeley, CA 94720

Detailed experimental measurements of the scalar and velocity statistics of premixed meth-
ane/air flames stabilized by a stagnation plate are reported. Conditioned and unconditioned
velocity of two components and the reaction progress variable are measured by using a two-
component laser Doppler velocinmetry technique and Mie scattering technique, respectively.

Experimental conditions cover equivalence ratios of 0.9 and 1.0, incidence turbulence in-
tensities of 0.3 to 0.45 m/s, and global stretch rates of 100 to 150 sec - '. The experimental
results are anaiyzed in the context of the Bray-Moss-Libby flamelet model of these flames.
The results indicate that there is no turbulence production within the turbulent flame brush
and the second and third order turbulent transport terms are reduced to functions of the
difference between the conditioned mean velocity. The result of normalization of these rel-
ative veleocities by the respective velocity increase across laminar flame suggests that the
mean unconditioned velocity profiles are self-similar.

Introduction oretical analysis for the infinite planar flame is lim-

Iareetpaper wentodceited because the idealized situation cannot be pro-
In a recent we introduced the use of the duced in the laboratory. As a result, they have relied

turbulent stagnation flow configuration for funda- on a comparison of their theoretical predictions with
mental studies of premixed turbulent flames. The experimental measurements made in 2D obliqte
turbulent flame propagates in the divergent stag- flames. Although these comparisons have been suc-
nation flow region of a turbulent fuel/air jet im- cessful in validating many features of the model, it
pinging on a plate. Depending on flow and mixture is however difficult to ascertain whether the dis-
conditions the flame brush is stabilized at various crepancies between predictions and measurements
distances away from the plate surface where the are caused by variations of the flame properties not
mean velocity balances the turbulent flame speed. accounted for in the theory, or by the actual de-
Consequently, flame stabilization is achieved with- ficiencies in the theory. Hence, encouraged in part
out involving flow recirculation as in the conven- by our experimental work, they have recently ini-
tional V-flame and conical flame configurations. tiated the modeling of the stagnation flow stabilized
Moreover, at the centerline, the turbulent flame flame so that a more direct and compatible coin-
brush is planar and locally normal to the approach parison can be made between theoretical and ex-
flow so that the turbulent flame speed can be de- perimental studies. Their first analysis" is for the
duced unambiguously from the flow velocity enter- case of flames stabilized in two opposed jets and
ing the reaction zone. Therefore, this configuration closure is achieved by the use of conventional gra-
provides a convenient and more accurate means to dient transport. Subsequent studies4 will model the
deduce the turbulent flame speed. t  turbulent transport using the Bray-Moss-libby

The most significant theoretical implication of this (BML) flamelet concept which assumes infinite rate
configuration, however, is that it is the closest ex- chemistry and zero flamelet thickness.-
perfmnental approximation to the idealized one-di- The stagnation flame configuration is also signif
nensional infinite planar flame assumed in many icant for other numerical models of turbulent coi-
theoretical turbulent combustion models. 2.3 Bray, bustion, such as the joint probability density func-
Champion and Libby I (BCL) recognize that a the- tion (jpdf) method developed by Pope,"' " and a
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deterministic model for simulating the interaction conditions of' the four flam es are li stedI III Table. I
of thle flanielet with incident turbulence using the Thle turbulence Reynolds numibers and fDaioler
vortex dynamics technique. 7 At present, the jpdf numbers determined at the nozzle exit indicatte that
model is capable of' predicting the turbulent flame these flamie fall within the wrinkled laminar flamne-
speed and other properties similar to those calcu- let regime (Table 1).
fated by the BM L model. Vortex dynamic sijoula- Flow velocities are mneasured by a f'otir-bcani two-
tions of the stagnation flames compute the dynamic color laser Doppler velocimetry (LI)V) systemt which
movement of the wrinkled flamelet and also predict measures the velocity of the tNVO comf1)olelitS using

the conditioned velocity staisdics. This configura- a 10 ftsec co-validation criterion. Details of the LD\
tion is, therefore, important for the further devel- system and the computer controlled (latat acqoisi-
opment of fundamental experimental and theoreti- tion system canl he found in, Ref. 1. Scedumt for
cal turbulent combustion research. Unconditioned velocity Ineastice it'llt is pros ideil ft%

Since very little is known about the behavior of ref'ractory' alunmitnm oxide particles of' 0.3 pit ni-
the stagnation flow stabilized flames, it is necessary troduced into the jet h\it ' vloite seed tzceioit'
to imiprove our uinderstainding of their l~undamnen tal Condi tioined velocit\ v incas reilten t In til I c actait
properties thiirough dletai led experiminen tal mecasuore- Side is Mi ade possibfle b\ US1.1 sit gaiIicOil (ii ar ri st t

inent of' the scalar and velocity statistics. These ex- as the IDV seed. The technique is btased oit thr
pe ri mit tal data will Ibe ulseful itt the developmlen t principle that thfe silIrico oil droplets e Saporatv Itid(

of theoretical models for this configuration. In re- horn through the flainclets. A blast atomnizer is used
sponse to such a need, we report herein results fr-om to generate thle aerosol. At each uICaireloeit to0-
ait investigation of' the scalar aiid velocity statistics si (ion, 8192 pairs of' alidated el-o-i t s dat a ur it
which provide further characterization of the flamie corded. To deduce the conditittned e.it(itts stil-

properties. Measurements were made of' the con- tics iii the proiducts, a p)rtcedture i hticit ins ohs i'
ditioned and unconditioned velocity of' two col- deconvoluting the velocity pdlf".s as dcscrihtid Int

ponents and the reaction progress variable c, a Cheng and Shepherd' is used.
nondimiensionalized scalar. Features of' thle mean and Thel( silicoine oil seeding technique is alsto usti
rots %clocit v profiles sign ificaiit toti mdeliing are( d Is- fbr- measuring the conserved scalar, c. I)n iomi-iii

cussed. In addition, implications for the closure r-ing the Mlie scattering iutcositv sn pooll
iquireints of the third oirder turbulence transport tiplier and lenis assembly. Within the flaiiic biruish.
are, also considered. the Mlie scattering signal resembles a randoiti tel-

egraph signal with sharp transition betweetii tile sig -
nal levels representing the reactant and product

Experimental Methodology states. By specifying a threshold criterion. the local
value of'the conserved scalar is dleterinedh\ by\;Ial-

A uniform axisymmetric flow of premixed meth- uating the percentage of' thle time spent 11i the
ane/air is provided by a 50 mmn diameter nozzle. products. Using the zero thickness flamelet approx-
This jet of reactants is shielded by a co-flow of air imation, the conserved scalar so deterined is
with outer diameter of 100 mim. For this study, the identical to the normalized density (p - Pt,14li, -

stagnation plate is placed at 75 inin above the exit. ptp), whiere p is the mean (ICn it v aii(l sitbscriipts
and thfir exit flow ye loci ty is held constaiit at 5.0t aid (I denote reactants and pi' 1(1oct s. The NI ic scat -
i I. The inicidenit turbulence is geinerat ed by plac- tern ig signal canl also be anal vzed to oti ii titt ii
ong it 5(0 inu 01ipst rean itf the exit a squ are grid if' ti lil dependeint scalar paraimetcers such ats thIt scalar
1.0 in eledcmoen ts withI 5.0 n) uin olpeii igs or a per- s pect ia. flaiime crossing freq oem c\' and( pdIf"S Otf tleL

forated plate wxith :3.2 inun d iaimeter ci rculfar holes flame passage times. ()Thle to rbtileo t flat ieit bNf
'hich gives a 40% blockage ratio. Mixture and flow thickoess is oibtained f'romi the distance betweni tlt,

TABLE I
MIixtiire and fltow coinditiotns

Len gth i sm ret 'l
Tuirbiileiice it Scale 'ate , 8

Cam # gencrator ti/s) tlon) sIN- t) fit-, Da)tit tutu' .II,'ttt/,''

Igrid .30 2 145 It) :3.S 2() 58S 0.12 1J5
2 grid 3(0 2 115 0.9 :38 14 4 4 0,14 60t
:3 plate 45 3 1t0 1. () 87 20) 10,.4 0.,12 1.35
4 plate 45 3 1(XW 0.9 87 14 8.3 0).14 120)



TURBULENT PREMIXEI) FLAMES IN STAGNATION FLOW

two points on the axial scale intersected by the tan- the length scale and the velocity fluctuations are
gent to the e profile at e = 0.5. constant' demonstrates that the flow criteria for

current turbulent combustion models are satisfied
even close to the stagnation flame region.

Results and Discussions The mean centerline axial profiles of the condi-
tioned and unconditioned velocities for case #1 are

As reported in our previous study, typical flow shown in Fig. 2. Also shown is the profile of the
velocities in the flamr ,egion are of the same order reaction progress variable. It shows that the reac-
of magnitude as the turbulent flame speed. These tant boundary of the flame zone, as indicated b\
velocities are lower than those of the other axisyni- the position where c deviates from zero, occurs at
metric or plane-symmetric flame configurations in the minimum of the unconditioned velocit )proflh
which the velocity of the flow entering the flame This provides an experimental validation of our Irt.-
region is about the same as that of the freestreani. vious method of determining Sr where the mii-
Therefore, it becomes necessary to determine mum velocity was equated to the turbulent flame
whether or not the models developed for high Rey- speed. 1
nolds numbers are still valid for the stagnation The turbulent flame brush thickness. 81. de-
flames. The two criteria for the models are that Rei, duced fron the c profiles is listed in Table 1. Also
the turbulent Reynolds number based on the in- listed is the corresponding laminar flame thickness,
tegral length scale and velocity fluctuations, and Da, 8L, based on the definition of Zeldovich. " The ra-
the large eddy Damk6hler number, are both much tio between the turbulent and laninar flame thick-
large than unity. Although these conditions are sat- nesses is a significant parameter in the BMI, model
isfied at the exit, it is important to determine if the which assumes infinite rate cheniistrv. Studies in
turbulence scales change close to the plate. turbulent V-flames and Bunsen flames have shown1

Shown in Fig. I are the profiles of the time scales that at positions close to the stabilization rmeion. the
of the non-reacting stagnation point flow, ,, oh- zero thickness flamelet assumption is not vahd be-
tained f'rom auto-correlations and the associated cause the density pdfs show appreciable contrilb-
length scale, l, deduced by Tavlor's hypothesis for tions from the intermediate burning states. These
case #1. The length scale is relatively constant ex- conditions are satisfied only at positions farther away
cept at x < 10 mm where a decrease is found. This because the flame brush thickness increases alnost
decrease seems to be an indication of the break- linearly with downstream distance. In contrast, since
down of the Taylor's hypothesis in the low velocity the stagnation flames do not have recirculating sta-
region. Similar features are also found in the tur- bilization regions, the flame brush thickness re-
bulence generated by the perforated plate. Al- mains relatively constant along the flame front.
though it is not possible to deduce the integral Therefore, the process of choosing a location suit-
length scale for the transverse component, the time able fbr comparison with theory is not encountered.
scales show that the grid generated turbulence is Moreover, the smallest turbulent/laninar flame
isotropic whereas the turbulence generated bv the thickness ratio of 30 (case #2) indicates that the zro
perforated plate is slightly anisotropic with smaller
transverse integral time scales. The result that both

5 1.0 0

0

10 20 30 0

2 , - . 2 . a 2 13 Unconditioned

E 3 ) A Reactants

0 U• Products

I-l-A- -a- -M- - 0

0 . L . - - . 00 20 30 40O 50 60 0 10 20 30 40 50 60 70

Distance from plate (mm) Distance from plate (mam)

Fic, I. The timle scales of* the non-reacting stag- Fro(;. 2. Mecan cenlterline axial profile of' the con-nation flow, t,. obtained from auto-correlation and ditioned and nnconlitioned Velocities for case #1

the associated length scale, Ix. obtained by Taylor's ( I = and u' = 40 e(n/s). Inset. profilh ef th
hypothesis. reaction progress variable.

C-3



TURBULENT COMBUSTION: PREMIXED) FLAMES

thickness flamelet approximiation is valid for tur- 1.0
hulent stagnation flaimes presently considered. 1111

Another itupolanit aspect of' thle scalar field is (t( i8 0 #2
heat transfer to the stagnation plate. Sill(t( fte plate 0 8 A 3
is miade' of, brass, ft(le tiiliiile'it flameii 111m. he infl- a #4

(,iced by heat loss frtiiiIle flanie zone iTo hi ivt's- 0 6A A

tigate thle possibIle eflect tif' heat loss, thft'rn itooplu f' A
m ieasu0remenits were nade of flt-e plate teipe rat iire 1 0 4 A AA

.111(1 the thermial btou ndary laver over the plate. The 130 03
results for case #4 show that, although the plate 0 2
templerature is only 1500 K, the thermal laver
ticKknles s is ahou t 3.0 in whtichi is smaller than
the standoff' distaiice of' the flame briish. This iii- 0 0 02 04 06 08 1C

dicates that the wall effect is c-onined within the
produict region i andl is iio t ex peted tot have al\ d(i -C
rect influence onl flamei proipagatitointt.. Otfi-ifeit t1 i4- 111idttiiit-tf -111) \-l01

The' fe'atures of the unctonditionetd axial veloit\ it s aisli cti iit of ilt( i-autitit pit i t itii

prorilte (Fig. 2) are typi-al of' those imeasuiired in ft(i
stagnatitin flamles ats reported earlier.' The unt neti-
dfitioned veltocity profile shows three d isti nct re- It can ible se it( A U's at a lmo tst ci iiitit t at t

guilt . The first regioni extends froiii the exit of' flte their valutes are ab oilt half' of' tho nse of Aill Pri' liills
noi zzle to fte upstreamn boundary oif fte tu rbtulent imeasuremiien ts of' thiis ratio iii V -fla ties aid coiincal
flame brushi. It is characterized by at steady d~e- Buiiseii flamies have shown that the\ art ititheti-
crease iii the axial velocity (foe toi the divergenmce dent of i thltgI they are generally ltwter th an uiiit\.
otf the cold, tinreacted flow. 'The globtal stretch rate As disctissed bv Chieng et. al., i3 flow, divergence in)
imposed onl the flow is given hy the mean velocity the psroduicts andf randomn flow deflectionis (ilt' tio

gradfieiit in this region. The second region is char- the wvrinkleti flamne cotuld lower this ratiti. Iflow-
acterized by a rapid increase in veloc-ity, indicating tever, tfte obiservation (of constant ALU/Au tat io fiti
fltow acc-eleratioin due tot ctmbutstin heat releast'. different c-ttidititois in the stagnation flaimes is ij1,tite

The third regioin is where the product strean is again emiragi m fbecaust' it itmplit's thfat thet cinittionedt
decelerated lyv te, presenct' of' nt'gativt' prssr and unmctndititinte't \clo-it\ profiles titis hc sclt.
g~ratlieitt and thit fltow is evemittially hi-tight tii rest sititilar. This fe'atuire of thet stagniationi flaiti profil-,
it thle stalgilatioii plate'. is aoticipatt'd tio faicilitate tlit- Ititidchiig of titi-'

The iipst ream st retch rate, a, dete riimietd friii flamets. At presenit, simiilarity s'ariaf 'Its f~l r i it,--
these profiles (Tabtle I) shows that the use of' thet tatite frot thei plate sutrface is propfose-i Ini13 I
arid tends to produmce a slightly higher uplstreami flh' proper itteatis tit noii ntsitnafim' tliictlt
stretcth ratt'. 'his gltobal st retch rate is tif the samte i tN , fotwt'vtr, requtiiri-s ftirtht'r stud it's.
maginittide ats thet local stretcht ratt' tot tlit flamielets, fl it itttitiotted atid unctoditionidti 1ots flitta-
whit-f tail fbe t'stimtated liv uj/I, . I lo\wexe r. studies tutu prtfile's for tht axial antt tranisst'rsi' ciitlpi -
ott faiitar flaits t 2 have shownl that such sitiall tittits ait' shtiwnt it Fig. 4. TVit' itt-k silissN in t,
stretch rate's it\(, ittiiial effect it the ltcal burn- utit-ondfiitiont't ii' profiles Fiig 4talt tt-ptiit-Wi t" kotl
ing rate. trihittlits frtomt AU. '[lii titt sigiifiatit tceit ii

Withini tfht flamte zotnt', the ttit-tintitiointet itat howt-ser, is that flt-' twot amal cititiitioc titf r 1t m lii
st(Itteit\ inc.reases tto fttriit a"'fump" at the prodtuclt titatititis art' altiltist c(ijtal. Thisl slttgicsk thu1 ilt(-it
liouttdarv ats shoiwnt ill Fig. 2. As dfiscuissed prt-vi- is noi flamiet genttratetd tttrhttlICttc Ito titi a',i t(hI-
olisly. thtis itn-tease is due tot intermoittet iota- rettut. Thit latck Oif at petak ill thei r' pitilt's is titl
stirtetit if' the t-toidititonedf \ elticities , U, aldt 1 , -, tot the factt that tht' transv'rst- tiiiilpotu.-t ol tfhc

fT'e relative velocity\ hetweentic fc'ontdtitittnedh it'i re fativ lvi elitcity is Zerit. 'he di fl-rt'ic ' til it t con-
\V'hcit it's AL U Up~ - U, - which is referretf to as tIit iotite ut tatitt-Is' u;, -tu: is slighltly ftigit-r at
the silp veloitty in the B MI. mo tdelI, is at iajltr cttn- posit itois close tot the produc mAi otuntarv thfat)i those
tribiu ttr ti t ieti un-tind itionied flutu tatints aiit the shtown fotr flt-' axial tom ptnent . Heie it attaf vsis iof

seciond. antI third torder tuirbuilt'itt transport terms. tutrbtulence produitioitn acro ss t tilt'it et fla ctts hatt
'flit' tauise iif' tilt' sot-called countter- gradicent scalar shttwn that thet inrertase iii ttirhitltit-t is assoc-iatedi
trailsport is at d irect res tilt tof the factt thfat ALI is with It ort it-ity produ tct iton.' ~- ti t nit i 1101[t[ l INi

pmosit ive ii tits t flatics . Shfown in Fig. 3 at'( thet express(-t] hv ftt' barwli nit- te-rmii whtich is th lit - t

foiur ALU prtofiles plouttetd againist c~ oiitaine'd iii this prottuict bettwt'n'ii l( th et'ssiurt' iratiittut litoifit to
sttudv %, iihefata art' ntormnalized Its thet increase iii tt' btiteict atint tli locall flameit titistiti o- it)
%e'fuit,tv Ai 5 S, (T - 1I at-russa itfattarj lainiar strettlt. Ini thei stagntationi ibaittivt'lii aiiiss toot
flaut ee stu - r is tlhu rtat-taitt/-riittttt tiu'sitv taitiii a.13 tx pretssitic gratlietttiti .o\ its tvi-uitii thi ic mv
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TURBULENT PREMIXED FLAMES IN STAGNATION FLOW

1.0 intensities, and the third order terms. However, as

0.8 - the conditioned velocity pdfs are essentially Gaus-
00 unconditioned sian, these third order terms may be neglected.,

1W 0.6 - a reactants In previous theoretical studies, Bray et. al. ' used
0 U] products an empirical constant to relate the increase in the

-= 0.4- a &Am conditioned velocity fluctuations. To studv the rtel-

02 13 Cr  0 3 3 0 [  ative contributions from the two terms, the ratios
an v2- Vr are plotted0.0 , i i i i i i_______________ (u;, 2 

- t',-)/(AU)2 and (c',2 
- , 2)/(AL, ) rplte

0 10 20 30 40 50 60 70 in Fig. 5. As can be seen the magnitudes of these
ratios are very small, although (v', .- v2)/iAU-

Distance from plate (mm) tend to be slightly higher than (u" u. 2 )/iAU -

(a) for cases #3 and #4. The lack of significant tur-
bulence production bv the flame suggests that all

1.0 the third order transport can be modeled simply b%
considering the contributions from the relative %e-

0.8 - 0 unconditioned locity AU. This again simplifies the modeling

" 0.6 - A reactants scheme.
E products

0.2 13 13 C C3 Concluding Remarks

0.0 Reported in this paper is a detailed experimental
0 10 20 30 40 50 60 70 investigation of the characteristics of the velo:it. and

Distance from plate (mm) scalar fields in stagnation flow stabilized preaied

(b)

Fit;. 4. Conditioned and unconditioned rins ve- 0.6
locit. fluctuations for (a) ~xial. kb) transverse cit- * 41
ponents. 0.4 0 #12

A #3
9 0.2 A #4

nitude of the baroclinic term, suppress production < [ 3
of vorticity. It is, however, important to emphasize > 0.0 A %A-

the tentative nature of this interpretation, pending 'D
further experimental evidence and theoretical anal- - -0.2
ysis.

The lack of significant flame generated turbu- -04
lence, in particular in the axial fluctuations, also has
a significant impact on the modeling of the third -0.6 ,
order turbulent transport terms. For example, the 0 0 0 2 0 4 0 6 0,8 1 0
turbulent diffusion of scalar is modeled' as c

pu_2C" 0.6
C(i - )(((p - Uj) 2 [el a #1

P 0.4 0 #2
+( e-)21 -U; + u }, a A A #3

< 0.2 - • A #4

the turbulence flux is 0.0 E [

- I - '){3(U, - 12)0,2 + + -jt} > 0.2

+ e{3(U,, - te ua 2 + (I), - +) , -0.4

-0.6
where 00 02 0.4 06 08 10

0 = efip -f (I - e)0r,
Fi(;. 5. Relative importance of' the first and stc-

These sub-models consist of contributions from ontd atunl eats of conditiotted ehciti's tt (it, axtaL.
AL, the differeuce itn the conditioned turbulence atd (b) tratsvene cmpat'nt
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turb~ulent flames. This relatively newi turIbulenit flamie Research iide i G ianit No .16-0t147 Thr wi ik at
con figu rationi is considered to he Well Suited] for di- LiiL is sif)1 oitedt liv the IDieeiur. ( )tic'v Il Eoi4g

rect cornparisons between experimtental andc then- leseawii Office. of Bas ic Eoi.i*v Sci ii ii' ( lIvi

retical predictions. The measurements include coin- ical Scienoce IDivisioii of till- U'.S Dc)parnon ii'of

ditioned and unconditioned velocity statistics of' two Elicigs under Cointract No I)E -A( -0.70SH I(N'S
components, and the profiles of the mean reaction Trhe atijiots would like to ackiiowlt'tgi' 0I,
progress variable which is identical to the normal - tance ohl \Ifr. MIinih Binoh fII n d \If D a% idi 1ta, k

ized density in the limit of zero thickness flat nelet worth Iit n ial\Zi iig the coditIit toed \v uciIs .1i% It
assumption. The turbulence Reynolds numbers and is also a ptle.asiire to thank P'rof, Bis , D r. (Iili

Damnk6hler numbers for the four methane/air flames pinui and Prof. Libby for (lt-ir litipild tisti-isoii'

indicate that these flames are within the wrinkled
flamelet regime. The experimental result,, are ana-
fyzed to provide insight which will assist in the de- REFEREN(:FS
Velopmrent of' thle Brav -Moss- Libby' flainclet model
for these flames. ICo. 1'. L I C. K.. E 1I~7.iEii.. j I I XI)

For all the flow and mixture conditions consid- CiIEN, R. K.. Twrits r, S ~iposiii ii Ili
e red here, the relative velocity A U between the ternlat i oial) oil Coimbhistion. i . 1493. TIe Ct iom-

reactants and products, i.e. the difference in the biistion Institute. 1988.
conditioned velocities is constant across the flame 2. BRAY, K. N. C.. LIBBY,. .AND \loss. J Ii.
brush. Moreover, the relative velocities, when nor- Comb. Sci. Tech. 41. p). 143. 1984.
malized by the velocity increase, Au =SL (T - 1). 3. BRAYv, K. N. C., AND LIBB) P_ .Comb. Sci.
tinder laminar condition, have the same value. This Tech. 47. p. '253, 1986.
suggests that the mean unconditioned velocity pro- 4. BRA),. K. N. C.. CHAIO4N'mi M. AND) IBUiiim IP
files across the flame region are sell'sitnilar. These A.: Private cominiiiiicatioii. 1987
characteristics. if' confirmned by miore extensive 5. PoiF., S. B. Ain. B1e%. Fluid. Mecli. 19, p)
st ud ies, woiuld great ly si 101)1i l the modeling o f' (Iie 2:37. 1987.
complex firirlmleuif flame flow field. 6,A~sn NI S., Ami) Poi'v, S B,: CTomb FI"Cic

With in the flame bru shi. the conmdi tioiied f iirb i- 67,.1) 127. 19S7.

lence intensities for the axial and trainsverse veloc- 7. PmNDRA n M m~ I Z .. AND i'iis . 1. '\Isytil 1:111t

it% comnponentIs are about equal and constant. That Sv ipus in in dntiernatii oda on ( Cmbuti on 1
is, the stagnation flames do not create additional 1357, '['it' combuistion iistitiztt. ms5&
turbulence. This is quite different form the results 8. CHENC., R. K. AND SHE'IiEKIu. I. G.. Coiimb S.!ci
obtainmed in oblique flames where flamne generated T[chl. 52, p. 353. 1987.
turbulence occurs. The most important implication 9. CHENGM, B1. K., SfImEiDso I G..,AM oNII ks

to mnodeli ng is that all the secondi~ anl thi rd torder I. P Iape r pieset 1eth at thel-(6th S \inpo sno (ill

Inurbu lence transport term us are redu tcet 'IIuict1iIS is T[irbulleiit Sliear Flowks. on loise., Flai itt. 1 9S1
of the relative %elticity AU. This agaii imlplies Sell- 10. SHEPHERD,~o 1. G. AND CiiVM.. 11. K.. To fli-

siiilitIN of the tourbuilence and t ranisport proper)C- pli1shedl. Co iiI. Sci . Tec . . 1988.,
ties. 11, J1 1SBiiN.5KI. J. . Combd. Flimmt. 56. :3. 1). 3 37. 19S.1

12. LA%%. C. K.. Zin I.D. AN I) NV, 'G -. 'fweiims

Acknotcledgmen'lt Symposium Ot mteriiatmonal) on ctimhtistionu. 1)
14 19. The Combuiiistion Inmst ituiite, 1988).

This work was at collaborative effort betweeii the 13. CHENCG. 11. K., ROI3BE.\. F..I) TA.
University of California at Davis and the Lawrence 1307, L. : Trwentieth Symposium (Internationall
Berkeley Laboratories. '[he work at Davis was suip- onl Comhtustion, 1). 453. '[lie combstionm is,-
pourted by the U.S. Air Force Office of' Scientific stitute. 1985.

COMMENTS

torI iiii' i et' muirationi fi this staugiattimi'pmuiit 11aiumi'" f3.iumuts i' V. s 11,111c of fultusci i f.1iiics . till m -l

Aim'- iiu Ilit' ult'sitv andI prt'ssiirt' grathituits almioust pliiu im oiui is ',Iiiut bii. iiitt'it'' Ili illi' uulli iiut

Aifiii't in) t is caste t'spceiallv wheni \tmu t'iimsideht'riiis fil(ici uitiuuuus Ini Iit'( prithict Zoneuu' Iut, iLuci. o

tha~t till theit-uual expansionm Ini thel ratdial tdirection incease' ifbserved lier' iiitlies that thc t'iihtmhiut

is alfiiuu, 'nouugh to balance ft(me hmdrumthsamiit Iprts- of' fil' Stagniatiomn fitiw stabilizedt flaiims is ail vt5tip
sun', thh W~uhetheof, no iit this is dthin ic u' silriiu.ini
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streaitube divergence as suggested would require lug the plate curvature ti contrast to var~ing the
the support of' data obtained away from the cen- separation distance between the plate and the iioz-
terline. In particular, measurements made along zie exit.
flowlines (see Cheng. et al., 22nd Combustion
Symiposiurn) would be most useful.0

* ~T. A. Baritaud. I ,istjtut Francats du P~trode.
France. You see that W' remains unchaniged whiein

S, N B_ Murphy, Purdue Univ.. USA. A tmirbmi- crossing the flamne front. when U. is iiiCrea:,cd doeit
lentt flow is governed by rathser restricted siioilaritv to thlt expansion of' the gas. Hence, pu), is almmost
con siderations at a ste'gmiation point.- What is the basis instantaneously transformed in a (flant itN p,i,, mumich
for- the choice of curvature iii the experiments? Are smaller. 'Where is this turbulent kinetic energ..
there anN data tu indicate anl acceptable curvature going: increse of' the dissipation. effect of the pres-
for- burning rate determination' sure gradient, transfer to the other velocity coin-

ponents. .

Author's Reply. As mentioned in our previous pa-
per (Cho et al. 21st Symposium, p. 1493) the cri- Author's Reply. As shown in Fig. 4. some of* the

terion for the plate curvature was to enable the LDA turbulence kinetic energy is being transferred to the

probe to measure flow velocities within 3.0 mmn from v component. Nevertheless, thle total kinetic en-
the plate surface. erg), after weighing by the local density1 is indeed

At the Centerline of' the stagnation flow, the only smaller. Tb is is true for mnost preom ixed tuIIrblfenl
effect of thfe plate cuirvatulre nay he the Overall flamies. Trhe presenit sit uationl may fbe all ext renItIl
stit tch rate Thiis imveral I st retch rate canl b e dfe- case whiere time. effe-cts of stream ituI le divergem ce. are.
(fIi~ce fr1om1 the velocity proimlels. Therefore, tile also significanlt. As Imen'tionmedl ill the amiswer tol P'rof

Itu estion11 regardinmg the "acceptable'~ ran ge for the ( lnie mm. conmlums inis regard inmg thet tumr 111(11 ci

cumryatut is related tom thle issuies conicerniing the ef- prolductio 1111il these flaime camn oI\ b~Ie dIr.mit b\ I

fects of' overall stretchs onl flame propagation. P
t er- comnparng mg easumrements' trSIadue alon11g Ilf]-cu It e

flaps the effects of stretch canl be studied by vary- flowlines.
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PREFERENTIAL DIFFUSION AND CONCENTRATION MODIFICATION
IN SOOTING COUNTERFLOW DIFFUSION FLAMES

R. L. AXELBAUM AND C. K. LAW*
Department of Mechanical Engineering

University of California
Davis, California 95616

W. L. FLOWER

Combustion Research Facility
Sandia National Laboratory
Livermore, California 94550

An experimental investigation has been conducted on the influence of the mobility of inert
additives on soot formation in propane and ethylene counterflow diffusion flames. Inerts used
were helium, neon, argon, or krypton, and the results show that while the mobility of the
inert has practically no effect when a small amount of inert is added to the oxidizer side.
the iutluence is signilicant when added to the fuel side in that krypton, being tile least
mobile inert, yields the greatest soot loading while helium, being the most mobile, yields
the least. By relating the spatially-resolved soot volume fractions to the corresponding protlhs
of temperature, velocity and species concentrations, it is demonstrated that this influence on
soot loading is likely caused by concentration modifications of the fuel and the soot precursors
due to the different mobilities of the inert additives.

Introduction namely soot formation when inerts of diflrent dif-
fusivities are added to either the fuel or the oxi-

Flame phenomena are strongly influenced by the dizer stream.
diffusive processes of the reactants. Since the dif- That diffusional stratification may influence the
fusivities of the various species in a gaseous mixture soot formation process can be demonstrated by the
are in general not equal, it is reasonable to expect following experimental anomaly: In his study of the
that the local reactant concentration will be depen- influence of the various diluents on the soot for-
dent on the extent with which the diffusivities dif- ination process, McLintock7 varied the inert dilu-
fer. This concentration modification through pref- ent on the oxidizer side of an ethylene coflow flame
erential diffusion can in turn affect the flame behavior and found that the smoke points decreased in the
from that anticipated based on the freestream con- order of helium, nitrogen and argon. That is, the
centrations. Indeed, there exist many flame phe- propensity to soot was least when the oxidizer dilh-
nomena which can only be satisfactorily explained ent was helium and greatest when the diluent was
on the basis of preferential diffusion. For premixed argon. With the heat capacities of argon and he-
flames, we cite the earlier works of Refs. I and 2 lium being the same, it was reasoned 7 that the dif
and the recent advances as summarized in Ref. 3. ference was due to the high diffusivity of helium,
The amount of research on nonpremixed flames, causing the concentration of helium to be greater
however, has been less; some recent contributions within the flame.
include analyses4' 5 and experimentsC on flame ex- An o'. :osite result, however, was reported hw
tinction. Schug e, al.,' who found that when helium was

The objective of the present work is to study the added to the fuel side of an ethvlenc coflow dif-
effect of preferential diffusion and thereby concen- fusion flame, it was not as effective as argon in sup-
tration modification on an important nonpremixed pressing soot. In fact, helium was the least eflective
flame phenomenon in which diffusive transport and additive for soot suppression. This behavior was at-
chemical kinetic processes are inherently coupled, tributed to helium's high thermal diffusivity and its

subsequent effect on the temperature distribution
*Present address: Department of Mechanical and and thereby the fuel pyrolysis rate.

Aerospace Engineering, Princeton University, While Refs. 7 and 8 have respectively used con-
Princeton, NJ 08544 centration modification and temperature rmodifica-
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(X)MBUSTION-GENERA'FEI PARTICULATES: SOOT' IN 1)IFFtiSMtN 11AM I:S

tion to interpret the different trends of' their re- rniis (5 li Ider h as betn u~c Thel Iii m [ I \ i ti a .1hI
so Its, it is of interest to note that these observat ion,, to I iiit scat ti m4 and c\ t t lt Ii II I 'a i It I IIICI( i .I I(i

call also be explained, in a consistent niannei, as a (loes iilot suffer froini (ie cioiiplicatioin it sllii
consequence of either concentration miodification or entrainent at the rim ats with jet tio-flo\% tliics
terin pt'rat tire in odification alone. For exam ple, byv MIeasueiren ts ar' taker1 iii ing (t( it ti tss ad s A'iwA-

using the teimperature miodification interpretationi. tiiiii StrtIVr1iliit. wiiitli is a1 nitot Of iii iii(tr

the difference in the resol ts for hl ibo couold he The hourneir apparatuos is siiilar to thIat iisti 1)
solel\ a cionsequtenice of' the broadening of the tein- Vandsburger et all. and has bieeni descrihed ill Ile-
peraturi' distri botion doe to heli 001 ' That is, when tail in an earlier work. Brie'l\ , it Ctin SISt Of 1 1)0 i
helium is added to the oxidizer side, the broadened roos cylinder mniited hiirizontalls ill a %cltiialls
temnperature distribution has a greater influence onl oriented wind tonnel that has at onifhini \ elotit\
the rate of particle burnup and a lesser influence profile across its test section. The Cylinder is
onl the rate of soot formation, implying that helium moutnted to a vertical translator which allows it toi
would be an effective soot suppressor relative to ar- be moved in the streanwise direction. 'Ihe oiiz er
gun. On the other hand when heliom is added to gas is Suipplied by the wind tunnel while tilt- fuecl
the fuel side, the temperature broadening woold gas is ejected from the porous cy'linder. T[le l,\i-
promote the soot formation rate hut not the burn- inder is composed of a sintered stainltess steel tiilic
0u) rate. implying that helioum would be less efl'ec- with all ioutside diamieter of' 2.5 ct~l, a length iof S
tive in suppressing soot. cii, and is cooled iirinlv along its axis.

We nlext adopt the alternate viewpoint that coni- The fuels used arc commercial irade elser n
ten trat ion modification touold be the pit ' sical micli- ills tO niVi ri gradet p ropanei. The Hiii.ts itself IrC
arlisin responsible for the anonlaloos results for lie- krvptoii. argoni iicoii arid lit'lii.
lioin. Recognizing that helium is more mobile than 'lenperat Lre rmeasuremienits arc obt.,iinii \it ii
argoni, it is clear that when the inerts are adlded tio silica-cocated Pt/Pt-12%Rhi thlermilcoiiple's. Th[l Ic r
the fuel, helium will be defocusedl to at greater ex- dliaimetcers uised art' 0.0t76 nim i o thiel diii ted -pA-

tent than argon due to the compressive, conlcave pane flancs adl 0. 127 inlil f fit( theillted-o ctls ii
curvature (If the co-flow flame. SCs eetly, , in flames as well ats flamies where ft(e compiolsitio of
all hut the lowvest regions (if tie flame, the fuel fte ox iizer inrert is varied . Thet si i ailtliii dici-

clinceitrat ion of' the he liuiin-dil oted imixtulre wvi If coI' uimple is plrefe rred hUI~- St' it i ide ts Its' iii' Iiii
highetr thaii that of' the argon-diluted mixittire, i- fianicte tii (it flait anti less iiu'asirtiiicuit ci (im

plying that the former has at greater prop)cisit\ to to radiation loiss. I liiweser. fti' temix-ratlion' iiltl(-(

soot. Bx aplying tile sameit reasoini tol tilt' oxi- latter flameICs art' high t'iIOli that ftic thlimoici' til Iii-

dizer side, and r'cogniinig that licitii is low% 1i- nociniple wouildi illit. thuos iit'tssitittiiig the isi )I

ceti to a greater extent due to thlt conivex flaii the thiickert thierriocouplte.
curvature, the fuel cornceritration with tilt hli~iil- Soot iiitasureiitents art olitaiiii't )\ list[[,_ 'tall-
diloted oxidizer will be relatively lowt'r. iiinplvi ii darti lighit scattering arlt extinict ion ttecili i ii t 1it
that the propensity to soot is reduce(], anl apparatus anti procedunre identical tio thiisi' Ot

III torder to further understand the relative influ- Flo\%etr arid Bowmn 121 and described ill giti di-
ences of temperature moidif'icatioin versus conceri- tail iii Ref 11. Soot volume' fractionr is iibtainted fiti i

tratiori modification onl the soot formation proce'ss. the La rbt'rt-Beer lawv fon' light extinction sviti tiit(
we ihave adopted an enitirely differenlt flame tonfig- assumilptioin that tilt snot plartitcles heliaxe aN spherl-

orationr tt stody the soot respon~se to iiiert addition. ical Rayleigh scatterers and hit\e at ciiiilct\ tI'irat

The flame confirguration is that (of' the ctiinterfliiw tive index of h= I. 57-iO.56. Thit sooit voliimie fr-ac-
diffusiori flame. The rationale for such a chotict is t inn is assumined tinliforrovrier tilt ler'i gth of iiitlt
that iii t his flamie/foxy configu rat ion the effect of buirne(r, with iio correction for enid effects. Sirc itt'tiis

tin cent ratiin iidihication is opposite tol t hat of wvork is cioncetrnetd wi th rt'latkie cii arnzcs in ste'.d iof,

teimperaturte broadeni ng, thus allowinrg onainbiigi i- abslu ito' salus f15 ilt' Rayleighl a5sium ipt ioni is aicctept -

()iis Coriclusions to lbt drawn regarding the effect of' alet.
preferential diffusionl. We shall ampliR' onl this point ( as samrplinig of tho Ntillili sIlvit s IN pti)itot liti

later in the diiscussioni (If' tile expeririiertal reslts. \kith an iircoolt'd. ijiirt/. iitnibit dNI vd \i ki'i t ii
Inr the next sectioni the expe ri men tal nlttlldil- t it', eriteriioi if istro and \\ il .i iTo .1s i'i i't '

ogy arid arrangemernt wyill lx' specified. This is fol- low fill sainiplinig Iil tiit' soiitiiig, lceilol il lai

lowedh l\, pre'serntation antI disculssionr of tit'- cx- at probeli was dvlsitli'( \tith ill Iiiternl i cl Itli'iii'

pertilliintii results. akllow\s soot fliild-up1 at tin' prItii l k iiIit tII Iiii

Expijerimientil Specificatioiis piiiicL is cliiiilll ait iclisiis N1111 t hat tilt- tl

Ill tis Study tilt! Coiiitrit o iw difilrsiori laille. cs- Ili t ,Iri'I I 1,\ h.ati, ~Iti, I lii I I I IIII ItiI \ issels

tabllisilt't in thet forwaord stagnation rugiiil of a po arid tit' gas anlak Nis is 1)4-1 tiiimiiei \ is 1 ,011ittitis
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SOOTING COUNTERFLOW DIFFUSION FLAMES

mnass spectrometry. Since batch sampling is utsedf, ejection parameter constant. "TIle fulel ejectioni pat-
data are riot available for water and results arc re(- rarneter defined for variable gas densit% is .
ported onl a dry basis. - P,, V,/p,.i(Ke1) - . where p,, andl I,, are tle g~as

A standard single-component, laser- Doppler %e- density and velocitv at the buirnter suirface'. ) and
foci:iet ry ( LDV) s vstemi is used to jot-asutre the~ sc- V, tilie free-strcant %a s ~ of, dt' sit v an d kinl atit
loct t comnponle nt a loniig the forward stagn at ion \iSCOSi tv for the oxidiZer. and~ K tilie charact en sti i
streamline. Measurements are made fin the forward velocity gradient definedf as K =2U:,/R, with U,
scattering miode, without frequency shifting. Ao- being tile freestrearn velocity of' thle oxidizer and R3
nminu-oxide seed particles of 0.05 I.in nomninal di- the burner radius. Thle fuel ejection parameter dc-
ameter are supplied on the oxidizer side. fined in this way allows flow similarity to heman

The soot loading of the propane diffusion flame tamned even when variable density inerts are added.
in air is too low to measure extinction accurately. Only results for constant fuel ejection parameter. f.,
To increase the soot loading of propane flamnes the =-3.0, will be presented herein because main-
oxygen volume fraction in the oxidizer is increased tamning flow similarity allows for ani interpretation
from 0.21 to 0.23. with the balance being nitrogen. based onl distance from the burner. It is of interest
Ethylene flamnes do niot require enrichment and their to note that the results were found to be injd!pen-

ogen concentrations are mnaintained at that of air. deiit of whether fuel flow rate or fe ~cin a
For tile experimental conditionls in this stutd ,\the raniete r is field con stanti

flalii location is at few nmillimeters til the oxidlizer

sidle of' the stagnation point (Fig. 1). The soiot for-
nation and growth region lies between the flanne Results and Discussions

alid the region of the stagnation point. A conse-
quene of' this is that it is the flow field onl the As discussed fin the Introduction. both concen-
oixidizer side that is of primnary iniportance for res- tration modification and temperature broadeing will
idence timie cunsiterations. 'Therefore, the ipl- yield similar trends for inert addition to the coflow.
stream %efocit\ of the oxidizer is mainiitained at :38 flame. Therefore it is dfifficuilt toi tdeteriInie wi th tfit
i/s for all stiidies . tofitw flait whicli. if' cithle r. iecliani i i s the
Anl additional covnsideration is thle gas flow ep 'ced thoin ili u:t callse. tr tilit' i f Sers C* tpen d . TI rio it

froti the btirner. Two approaches are Uud it) t I:is the case with Iite ci ii:te rfltiw dittiii:i flanit B%
st ud,_- One is to mi ai ntain the vtdunmetric floiw rate referencni Fig. I it Canl fit SeeII that tile full
ofl tile fliel coinstant. InI this case the addition of' gas reaches the flame by diffusing acrtiss the staiiation
tio the foie inicreases tht' election velocity froni the planie iiito the oxidizer side. The streaniiliecs liii li t Ii
liiirner The other approach is to rijain tam thet fure) the fulc and ox idi/er .sides of' tilt- stagi a titil fplaneii

are sutch that lighter species. wlhi it canl inore tasikI
diffuise across the streamlines, will lprefereiitialls ac-
cumulate in the region of the stagnation streariline.

Prt while hecavier specites will lie prt'ferentiaflly swept
cyidr away. Conseqtient) ' y whenl hehiui i~s added to thle

fuel and inert fuel, concentration modification should leatd to at re-
duetion in fuel concentratiton and.] ther'hI~ .,cr-

responding redunction in thle soot loadiiig as coil-
flaredl to the situnation of' adtdiing argon to thle fuiel

We fuirther niote that soiot bunu tp dots rio t ot-
ctur in the forward stagito reintfte fili-
tenflow tliffiisiiin flamie. '[herefore, if litlitin mi ldi-
tioli were tio broiadeii the temlpetre distribuini
thle t'flCt wiitlii be to: inicrease tile- soott loadingT as
baset ii the reasing of' 1ef. S discuised fititllt'

stagnation point Intriiduition. Thiuis . in thet colit erfli\ iw fluitson:
soot formaton
and growth zone flaii, t-e tfftect oif coincentration iiuitificatiloli Is

stagnation streamriine topposilte to that of biroatfeinig if te temperature
distribittiotian \%it- ,at' ctmplare tile relatisc tfill-

[itrtanl if ' ftilt, twi i nnichanisis for this throwi

iiion aiid kn-\Jtil Ior tfilli'::ts ill tit stiud\, AuI d]-

oxdieran ier IIlt'its art' tlictrefiire comiplete'ly Inetrt aiid soitc thet-
Ox~dizer andare liltilatillic ath hias ite sain' hieait tilpacit\s

Fit, I Cross section of' tie cointerfiow tdiffuision they shldttit ham, ti sminiai inifluince ii (It( liasi-
fliri esiablisfhed in ft(' forward stagnation region iiiiiii flanin' tinpt'rattrt'.

it a iorolis cvlinihr. 'i'l( soot s ihiinin fraction tdrops off aroiundt thc
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stagniationi po iiit becauise of tile ii abil it V of the s ot 1 0
flarticles to p)ropagaite pa1st the stagiibiti o int int Ful0it

the fuiel side (we Fig. 1). 1)ata lin this region lia\ e 20%-ineri /80%-C 2H4

beell SUpprCssed as the% are not relevant tn this ID08 Go
work.a 0 e

The snot volume firaction distrihutinns along the 0 G 0 A Ne
stagnationi streamline for the propane/inert nt.s- 0 &6A OC *
lures are pltedi Fi.2 The curve show a strong t-) AA
relationship between the mobility of the inert and T K

the miaximium soot loading for the flamne. Krypton, 4 A
0

being thle least miobile inert, yields the greatest soo~t
loading (0.52 x 10-6) while he10liuni1, 0eing thle most 0

mobile. yields the lowest soot loading t0. 26 x 10-"). B A
The resuiltIs for iniert addi tioii to etl) b 5te. sbowkn 0 0 0

li Fit. :3. tfisplav trends siiiilar to those- of the pro- 0

p~aiie flaines lin both their relit ionsh ip to tile i ner it
iiiobi fity and in the extent of' thle chainge ii soul 0 0
voltinie fraction, the soot loadiniig increases with de- 15 20 2 0 3

creasing inert niobility, and the niaxintun soot %o-Distance from Burner (mm)
uiim fractioii of the k-rypton -dilhoted flamec is aboiit Fir. 3. Soomt voltu me fraiction in s it fo nci i of ot-
twice as\ high as that of the hefiuini-d il oted flai nt. lance froi buhornier sourfice for et fei e /air uoun-

The above results indicate that the( soot lo ading it erflow ~ dithsioii flames withIi ict iaddiit iion )i the
varies with the mobility of the inert added. To dc- 11jid
te rin ine whet her thle prinmars cause for thie chan ge
In (lie soot loading is iiideed mificatin of' the fuel
conceiitratioi. we have( detemiiiiner tile teiipera- ill tIilixiioiiiol teniptratlire and ieiifratlirc (lioti-
tilt., %elocit\ . aiid species Coiiceiitratiiiii profiles fil buLtioii will iiot be affctedl 1A dWn hiss cl o\\'_/Wr

les(. flamles. ctiiiitratiii. the( soot litiafii is [ill1(h iitliti
Figure 4 shows the( temnperature distributioiis, CumSeqoeiUCtl\ , tite LeCiirWc aid Ui epmoileiblts I

U ncorrected for radiatioi losses, for the p~ropanei/ the i as iire netits are greatliiposedutot
inert inixtuores. The oxygen concen tratin for tile hjict that sooil b uil d - ii on] tite t bertinocoa ipie is less

teimiperatuire ineastiremients is that of air, orl 21 Peri- 'Fhe inaximiim flamne temipe~ratiires ii iasiired shInk15
cent by volume, ats compared to 25 p~ercenit for the slight increases with decreases in the mnobilit\ kill-
soont volumie fraction mneasuitremnentts. W~hile the trends creases in the molecular weight) of the inert, krv-)

ton yield~s the highest teiipferature 11641' C)'. lie-

06

Fuel Mxture2000

0520%/oInert 80%-C 3 HB Fuel Mixture lnlq

00inert 20,.-Inerl 80%-G3H8  *H
x A Ne
0 *~ He ~ o

004 0 0500 0 Ar
0 A Ne le 0K

Ae 00 a Ar
AL9 0

a)03 A 0 * Kr
E A2 100a

020
-A AA

0

0 0. . .. . . . . .
0 15 20 2.5 30 3 5 40

Distance from Burner (mmn) 0 1 2 3 -1 5 6 -

Distance from Burner (mm)
h o;. 2. Soot volomne fraction ats a funtction of d]is-

taint twion fxioiir suirfatce for Ipropawe/enricbed air- Fit; I. leinwerit tire Jistriloiltin JIl 011.110'/a11

256/ ( ),) toonterfiow (difiisiomi flames wkith ier ad- voiimterflow iffuisin flamies, with mitI anddiiititoo
fmtimoi otif t fuld side, the htful side.
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iiu in thle lowest 1607-' C), with a difference of'340 C. A closte insptectiotn of' Figs. 2-5 rex tai ' that the'
The temnpe rature profiles arc similar with no sig- location s of t it flame and stagn at ion point ate sited
nifheant broadeninig for the lighter inerts. away from the burner surface as the itolfit\ of fte

Onitc av ask, at this point whether the 340 C ine rt is increased. 'rile shift inl stagliat itl poi it is
difleretuce in the mnaximnum measured temperature inost accurately indicated fi\r tile loc.ationjs of i11,1\_
seen in Fig. 4 could account for the two-fold dif- finumn soot in Figs. 2 and :3 whtile the( shift ill flaite
ference in soot loading. The influence of this teln- location is indicated bsy hot h peak tett peratu0rex and
peratttre dfifference has been investigated byx vary- velocities itt Figs. 4 attd 5. The shifts ate sitiall
itig the flamne temoperature inl such a way that thle (< 1/2 mitt) and will not influence snot particle res-
reactive species conicentrations are not affected. "ideitee timles because the flamte anid stagntatint point
Te results sftow that eveni with a 430 C increase shift together.

in the m axi mi m easu red temutperatu re thle snot Trhis shsift tatl bc fitnde rstood b\1li citussi(ft .ui ith

loadinig inicreases by, utie 13%. Lict thtat ill fthese experimtents wec llas illutitttailted
F'or the diluted ethylene flamnes tise ttaxiinm ./', atd K fixed so thfat. itl te ftc o es acti c hii tt the

flamue tempt~e ratuores wer e mieasured and were fountd fit w lieldts atelsit Niii far ink te lits1 if - is Ktp., Ir '
tot be with in 20' C for flanies diluited with each of f )~pdll. Th tef ittt.( wil fiii ti t alat iof iii it tk cill
thet bittr use rts. Considering this along with Fig. 41 at tile satit' b ior all fltows, the\ art' slifted ill Itt(
it is reasonable tot expect t hat tetitperatutre' tifects phs~ical tCoordlintatte y. For exam it ) t' sitc itt e t fcnct
hsavet tatix a mtinior role its explaining hsow thle itserts sit\ is less5 its ft(e fieliutit-dilutcd 1fltit. thet plx sital
are ittfhieutcitg tilse Soott volume f'ractitons. (fiStatiCe tit the Stagitatittit t)itt is 1,Irt'e F.Stl

We' ttext n ote thfat tiscre is thet possilfit ' thfat lisates using Mieani ufCItSities sSIuIO algIttHIteit hic-
lie xeltsci t fields varx foir the tdifferentt flaits anid tweet) the ant ci patt't ai d tihse td shtifts

conssequtiti ,lN thse re'sidec let times art- i ut siiliar. WithI th 1
it ciiicit\ an itemt'iperatuire i blds butim'

since' thle snot tfOriltationl and growth region lies largely% indepe~indentt of fttt additive iii Itilitks tltt
noinitttally ficoxeu tht' flattic ati]th fit stagntatiton imiplicatiotn is that thlocIial coiutitrati is (it ill,
pinit. it is thle ve locity field in this regiotn that iii- reactitee species Ihaxe beeni titudifit'tf To Ix 'rifx t lik
hi ut'nceS tht' residhent't t inies of' the sotot particets. a mneasu rt'miect of' the species contttitrat itons x\i t1li1
Figt rt' 5 is a pltot of' velocity afting thle stagnsationi the soo~t intg flatists is obtainsed . Pht' samin iig ifl
strt'auifte xersuis tdistansce frots the butrnt'r sturface the' stable specit's is pecrformedt at conditionts ,initil
for the prospanse flanie whent dilutetd withs the iiicrts. tto tftose tof' the temoperaturt' metastureime'nts, ill tht
lT'e Selticits' fitlds are alimost identical. xwhicht is tile tixidizer is 21 percent oxygent as coimpjared ttt

reasoinable b~ecauise the temiperature fields arc al- 25 piercenst used for the sooit 'data. het loxwer tix-
imost itdt'tical and we have maintained fluiit-d v- dizer concentrationt rtetuct'ts tlse extent of' souttitilg
nanste siimilarity by holding 2U./H and the foie whsilt' prt'serxving the imiposrtanst cotietiatioti feat-
ejetctio~n paramneter f". constant. tires.

40

4 2%'tnert I80%.G3 HB * He Fuel Mixture inertI

a Ne 20%/-lnerl / 80%-C3 H e 0 H

30 13 Ar 0 Ar

30 ~Kr

.2 20 -E0

Fo 0

10 3L

0 woo0

0
0 3 6 9 12 15 ______0______________,____

Distance from Burner (mm) 0 2 4 8

Fv. clvit\as funtio of'disancefroll il(,Distance from Burner (m m)

li iutsi-Li-p. for ;siiipato/ciif't .iml (25f/, (), i Fic 6 \fill( frattctil p it f itt uitt iiituit lic-
ct-tttrfiux tfifhitstitt flatntos wsith itert aublititti i luis aott argon)s ill psiiiiamtt/.or t-outif \s diftii-
th. fif Silte. situi flatot's seiti itlert addtiont ottil ('( ttil side
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COMBUSTION-GENERATED PARTICULATES: SOOT IN DIFFUSION FLAMES

1.0 distance from the burner because concentration
40 4P [gradients in the flame region are steep and the flame

a locations are not precisely the same. In Fig. 7 the
a. mole fraction of the parent fuel, propane, is plotted

.2 .1 as a function of distance from the flame. Near the
a: flame, the concentration gradients are found to be

2 a. less for the helium-diluted flame which, in itself.
Ca. delineates that the mole fraction of the fuel will be
C 01 Fuel Mixture nrt locally less, and Fig. 7 illustrates this. However, a
o6 20%-Inert I 80%-C 3H8  # He caveat is necessary with regard to interpreting Fig.

a Ar 7. The concentration gradients are so steep near thet- flame that spatial measurement errors of just 0. 1ar

o .001 mm could influence the conclusions drawn. Al-
; though care was exercised to maximize the spatial

accuracy, there is an alternative means of demon-
strating the effects of preferential diffusion that is

.0001 not as sensitive to spatial accuracy.
1 2 3 Concentration modification of the fuel will nec-
Distance from Flame (mm) essarilv lead to a modification of the concentrations

Fic. 7. Mole fraction of parent fuel as a function of the fuel-based species in the flame and these
of distance from the flame for propane/air coun- species will attain a maximumn somewhere within
terflow diffusion flames with inert addition on the the flame. The maximum is insensitive to location
fuel side. and, where applicable, is a good indicator of the

relative availability of soot precursors. Table I lists
the maximom mole fractions for all measured spe-

Figure 6 compares the mole fraction profiles of cies except for ethane and propadiene which did
helium and argon for the helium- and argon-diluted not display obvious maximums. Without exception,
flames, respectively. The mole fraction of the inert the mole fractions are higher in the argon-diluted
diluent in the flame region is higher in the helium- flame, and, in the case of potentially important soot-
diluted flame than in the argon-diluted flame, a particle precursors, notably butadiyne (diacetylene),
consequence of the disparity in the inert mobilities. butadiene and benzene, the mole fractions are 15-

Since the local concentrations of the additive dif- 25% higher, The results demonstrate that the local
fer, the local fuel concentrations could be affected. mixture composition is indeed modified in the pres-
The relevant coordinate to compare propane con- ence of preferential diffusion and this modification
centrations is distance from the flame, rather than can influence soot formation.

TABLE I

Maximum mole fraction of stable species in propane/air
counterflow diffusion flames with inert addition on the fuel side.

Maximum Mole Fraction

Carbon Carbon
Hydrogen Monoxide Dioxide Methane Acetylene Etlvlene

Fuel Mixture (H 2) (CO) (CO) (Cu-) (CAL.2) Ci,|t

20% He/80% C3H, .038 .052 .086 .017 .018 .030
20% Ar/80% C3H, .042 .057 .091 .018 020 032

% Difference 10 9 6 6 10 6

1-3 1-3 Cyclopen-
Propene Butadiyne Butadiene 2-Butene tadiene Benzene
(C3H) (C4 H2 ) (C4 H6 ) (CH.) (C5 H6) (C6H )

20% He/80% C3 H, .0066 .00042 .00066 .00063 .00021 .00048
20% Ar/80% CH .0070 .00049 .00089 .00068 .00024 .00060

% Difference 6 14 26 7 12 20
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SOOTING COUNTERFLOW DIFFUSION FLAMES

2000 however, is coupled to the inert concentration so
Composiion of that stratification of the inert can have a significant
20%-He/800-N2 effect on the concentrations of fuel-related species.The effects of inert mobility on the oxidizer side

1500 Ar 1I a 20%-Ar /80%-N 2  of a propane flame are considered in Figs. 8 andf i * 9. Twenty percent of the nitrogen in the oxidizer
a, is replaced with either argon or helium so that the

o 1 concentration of these test inerts in the oxidizer is

1000 15 percent. Figure 8 reveals that the maximum
temperatures of the helium- and argon-diluted flames

0a.do are still quite similar even though the helium-di-
E luted flame shows some broadening of the temper-

500 . ature distribution. Furthermore, the maximum soot
volume fractions seen in Fig. 9 are almost identical.

a .Referring to Fig. 1 it is seen that the transport of
fuel from the stagnation point to the flame is totally

0 2 4 6 8 10 dependent on diffusion while the transport of the
Distance from Burner (mm) oxidizer to the flame is assisted by convection.

Therefore it is reasonable that the mobility of the
FIG. 8. Temperature distribution for propane/air inert added to the fuel would have a strong influ-

counterflow diffusion flames with 20% of the nitro- ence on fuel concentrations while adding the same
gen in the oxidizer replaced with argon or helium, inert to the oxidizer side would have little effect on

fuel concentrations,

It may appear somewhat surprising that the
stratification of the inert concentrations would affect Concluding Remarks
the composition without affecting the temperature
distributions. Although the thermal diffusivities of
the inerts used vary widely, these additives are only In the present investigation we have provided
a small portion of the total gas composition in the experimental evidence that gives strong support to
region of the flame. Consequently, the thermal the concept that soot formation in diffusion tlaines
transport properties are still dominated by the ma- can be significantly affected by concentration mod-
jor species, e.g. nitrogen. The fuel concentration, ification due to preferential diffusion of the reac-

tive/inert species. We have further shown that,
while this result is reasonable and possibly not un-

0.6 expected, a convincing demonstration of this fact
Composition of requires careful consideration and ultimately elim-

0.5 Inert i Oxidizer ination of other possible causes, such as those due
* 20%-He /80%-N 2  to the potential modification of the temperature and
a A % 0velocity fields.C- 0.4 Q t 20%-At / 80%/-N 2 ,

o 0.4 aO Recognizing the existence and importance of dif-
fusional stratification of the concentrations of the

U_ ,* reactive mixtures, it would be of interest to extend
a) 0.3 0
E o$ the present investigation to diffusion flames of other
" 0 configurations, to premixed flames, and to the for-

0.2 , mation of other pollutant species which are sensi-
, a * tive to concentration modifications.
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COMMENTS

R. J. Santoro, Pennsylvania State Univ.. USA. In the fuel or oxidizer concentration, the imamimunl soot
the presentation. you indicated that the tempera- concentration increased only 13%. far less than the
ture was held constant to within about 40K. Could almost 60% increase observed between the helium-
the variation in temperature account for the small and argon-diluted flames of the present study. The
changes (approximately 20%) you observed in the variation in species concentrations resultig front a
species concentration. 30*C increase in temperature would not appear to

account for tihe observed variations ill soot c()niceli-
Author's Reply. The concentration modification tration.

resulting from preferential diffusion influences flame The species measurements shown ill Tabl. 1 and
temperature, arsd any difference in temperature Fig. 7 also imply that factors otli-r than tlin)i-a-
could, in turn, affect the concentrations of the py- ture are responsible [or the iIeasmred d life retl ce'
rolysis products. For the helium- and argon-diluted Not only are the products and by-products of the
[lames the measured difference in maxiniin tent- fuel greater in the argon-diluted flaiic. tie pale.it
perature is 30'C and a similar tenperature difltr- fuel concentration is also locallV greater-ai tiII-
ence is found throughout the pyrolysis region. (Note likely result if temperature is responsible for time
that if there was a noticeable broadening of the concentration differences.
temperature distribution due to helium addition,

the temperature diflerence of the two lames would
have heen even less in the pyrolysis region.) REFEI ENC(ES

This difference in temperature certainly plays a
role in the concentration differences, however we 1. AxELBAU , 1. L.: Fundamntal Stdie, of i)ot

do not believe that temperature alone can account Formatioi in l)iffusion Flames. Pl. I). I)is,r-
for the measured differences in either soot or spe- tation, University of Califolrnia. l)as is. 19,S8.
cies concentrations. While the authors are not aware 2. AXELBAUM, 1. L., LAw. C. K.. %\i) IlisVE. V
of an. data describing how flame temperature in- L.: The Effects of J)ilhisional Stratificatil all
Iluences species concentrations for this flame, some Oxygen Additinm on Soot Formation il a Colln-
insight can te gaiied by considering resilts where ter-lodw I)ifusion Flame, Spring Technical Mel-
the influence of temperature on soot concentration ing of the Western and Canadian Sections, the
of a propane flame was studied. 2 When flame tern- Combustion Institute. Banff, Alberta. Canada.

peratlre was increased 43°C without changing either April 28-30, 1986, Paper no. 86-87.
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EXPERIMENTS ON THE SOOTING LIMITS OF
AERODYNAMICALLY-STRAINED DIFFUSION FLAMES

D. X. DU, R. L. AXELBAUM AND C. K LAW

Department of Mechanical Engineciin,
University of California
Davis, California 95616

An experimental study has been performed with axisymmetrie counterflow diffusion flames
to investigate the influence of aerodynamic straining on the relevant sooting limits of the
lower alkanes. The limits are defined by the critical strain rate at which either soot lumi-
nosity, soot particle light-scatteri ng, or fluorescence is negligible compared to the appropriate
background signal. The critical strain rates are found to he greatest for the sooting limit based
on the fluorescence signal, with those based on luminosity and light-scattering being similar
The fluorescence signal, if attributed to polycyelic aroinatic precusors. yields a Iinit that
can be interpreted as the extinction of soot precursors and is sUggested to be a i)ossible lialit
for identifying a completely nonsooting flame condition. The separate effects of flame tem-
perature and fuel concentration on the critical strain rates for soot extinction have also been
studied. The results are indicative of how temperature and concentration influence the soot
particle inception process and they show that both are potentially important parameters. The
critical strain rates display an Arrhenius temperature dependence and this dependence is
similar for all alkanes considered.

Introduction local extinction strain rate as the quantifying pa-
rameter. Specifically, it is of interest to explore

Soot formation is a rate process, and as such is whether there is a close relation between the visual
subjected to residence time considerations. 1"2 Since disappearance of the yellow luminous region and
most flames are under the influence of aerodynamic the actual disappearance of the soot particles. This
straining, the relevant time scale for such flames is is a relevant concern because for diffusion flanies
the rate of strain experienced by the flame, cx- the temperature at the location of the peak soot
pressed in the unit of inverse time.3 Indeed, Tsuji volume fraction is typically many hundreds of de-
and Yamaoka4 have shown that disappearance of the grees lower than the flame temperature.5 .6 There-
luminous yellow zone in a counterflow diffusion flame fore soot luminosity, with it's T dependence, may
can be achieved by increasing the strain rate of the not be an accurate indication of soot extinction in
approach flow. these flames. Furthermore, because of this ten-

The present study aims to provide a detailed ex- perature dependence, luminosity may not be ap-
perimental investigation of the influence of aero- propriate for studying the relative effects of Win-
dynamic straining on particle formation/extinction perature on the sooting limits.
along the following directions. First, we note that An additional consideration with the definition of
the strain rate of Ref. 4 is a global one, valid in soot extinction is that since the formation of soot
the limit of an inviscid, incompressible, nonreac- particles is preceded by the formation of soot pre-
tire, unbounded flow. It is reasonable to expect that cursors, absence of the particles does not necessar-
the actual, local strain rate as experienced by the ily imply the corresponding absence of the precur-
flame can be substantially different from the global sors and thereby the inability to soot. We shall
definition. We shall therefore use the local strain therefore also provide experimental data and evi-
rate, determined by laser Doppler velocimetry, as dence which attempt to distinguish between the
the parameter to quantify the various soot extine- sooting limits of the particles and precursors.
tion phenomena to be studied. Having defined the strain rate and the sooting

Our second objective is to understand and quan- limits, our third objective is to use these definitions
tify the definition of the sooting limit, i.e., soot in- to quantify the influences of temperature and inert
ception/extinction limit, in diffusion flames and the addition to the fuel on the sooting limits. Since in-
various sub-processes associated with it, using the ert addition changes both the flame temperature as
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(:OIBUSTIoN-GENERATED PARrTIUTxES SoOT IN D)IFFU2 SION FL.AMES

well as the fuel concentration, it is necessary to iso-
late these two factors and separately identif ) their P- Iz

individual effects, as has been dlone in Ref. 6. In
this previous work it was suggested that fuel diu- clhoppe,

tion canl have a significant influence on Soot VolumePT
fr-action by changing the total Surface area in the ..

particle inception zone. Since the inception limit is
concerned with whether particles are produced, not Ni100gon Lae Ba
how mianN are produced, it is not clear a priori
wvhether dilution affects the inception limit as well.
Furt hermoire, while thle importance of' temuperatunre
oil soot formation is well documented as it relates Oxoaef and Inei
to soot sield.' there are no known studies oin how
relevant flamec temiperatuore is to the sooting linii s. Fa
It) our st ud\, temp leratunre adjust51men t wvil beli ac-
comillishied bysubstituting a portion of' the nitro-
genl ii the oxidizer with anl equal qunantIity of' argol.
With t Iiis technliqueI the flinei teminperatu re canl be -

adjutsted without affecting the concentration of' the
reactants onl ci the r thle ftiel or oxidizer s ides of' tit'- Stagnal'o, Penw Sie

flaile. Fuel Iano 1

The experimental methiodology is outlined inii te
next section. which is followed by presentation and hi(.. IStfiiiat it of tht' bilint'r( o tiiiitji iol I'Lodi
dliscuissioii of' the experimental results. tlln' optical ssieiil uised to iiieasim. IiiL;ii cttillo

Experimental Methodology sor Imiolectiles, IO21 then the d isappt'arai c of tlic
fi uorCSLCtnCe Signal ma% be aii indication of' ftle ini

The opposed-jet coon terfiow difhilsion flai iic is at which preculrsor extinct ion has been ach it''.
tiploved in this stutdy. Tbhis flame is stable and] has Therefore. determining at viable miet ho if' Ii scrii-
a simple, well-defined, axisynmetric flow field." The inating between the three sources of' scatterinilv is
flamne is amenable to light-scattering meastirements anl importuit aspect of this work: the details are
and does not suffer from the complication of oxi- discussed in the Results section.
dizer entrainment at the rim that occurs in coflow Temperatures are determined] with BeO-Yt2 Oi
flames. Measurements are taken along the center- coatetd It-20%Rh/Pt-40%Rh thermocouples wyithit
line, wvhich is the stagnation point streamline. 0.05 nini wire diameter. The lead wires at-e oni-

The lbuiriier coiifiguration is showii in Fig. 1. The ented parallel to the Ito ne to nniini i ciut o
tiam e is stabilized in the region of the stagnation t'rro rs. Radiation correct ions5 are pi-rb rioe 1)\ I'-is -
Iplanie establishetd between two coniverging noztles. Suniiiig at ctinectiuii/raliatioi lalaiicc oii a Splici-
(;ofliwiug iiitriigen is iniplosetl to eliminatt iixi- cval beatd with at value of' (.38 for fte elnissi% it\.
dizie r enlt rainiocn t and ext in giuish thle onuter flaiu ie, Iii th li' al U lationu tile NUtsse It no in lir is ass on utd

Figure I also shows the optical systeml employecd to lit comistant and equtal to 2.0t.
tio measuire light scattering. The beamn of' anl argon- A staindartd single-component, lase-I-)opplem t
ion laser operating at 488 un is mouidlated by a lociinetry ( LIV) s\Stern is used to mecasulre ft( .\e-
mechanical chopper and then foctusetd with a 300 locity along the forward stagnation streaniolii llct
min focal length lens at the inidspan of' the burner. systemi is ope rated in fte forwartd stat tt'i ig nii (It
After passing throtigh a standard set of collection wi thtiut frequnency shifti ng..A lmiii i i-ox ~l scc(
op~tics, thle detection of scattered light is accoin- particles with a 1.t0 fain iuoiuuinal diaiitt' ar, uop-
plished wyith a ishotomiultipliem tube whose output plied oii the oxidizer side.
is psrocessed by a lock-i n amp1lifier initerfaced to at For the preseint axis),y il metrnc ci (lit t lb% iw ,ii ic
muicruocomuputer. W: i'finit tlit strain rate K ats thit ii.-gativ( o fto

Clob se to thlit siiitinig limit there are thIiret' sign if- Mecasu rtet v'loci tN grad ient, - dr /dij . ii tad it t bic
icai t sou rct's of Iligh t scattering in these d iflusion flanic. In Fig. 2 a tyvpical ciirye slow ing tilt' Ica
flaics gaseous Ray.le igh scattering, particuilate sured veltocity fieltd along the staigliatioli stit'aiiliiii-
Ray, leigh stcat tering, antI broadbhand fi Uorescence. is s howii. Thel( data is takein t t'e oxidIize r side ot
Sinltce the spetcies responsibIle for the fluoresenlce, the stagnlationi point wht're thle flaicim and Sooit lt-
assumed"- " to be polvcvclic aromatic hydrocarbons ination regions occur. The velocity gradienit is foiundl
PAH), are ustually associated with the soot precur- by fittiiig the data upstream of the flamec.
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AERODYNAMICALLY-STRAINED DIFFUSION FLAMES

60 components with an edge filter used to remove the
elastic scattering signal. It was found that S,, = S;,

50 - for X > 530 nm. Then it is reasonable to assume
Sthat S,. = 5

h, at X = 488 nm, and a mcasurement
of S,,,(488 rm) will reveal how much of S,_ (488 not)

40 - is due to fluorescence.
0 .Figure 3 illustrates the method of obtaining the

._ 30 40particle inception limit. First a spatial profile of
Lo S,,(488 nm) is obtained (Fig. 3a). This signal con-oC
) 20/tains contributions due to fluorescence and Ray-

Z)V V leigh scattering from gases and particles. A profile
K =-dv/dy of Sh,.(488 nm) is then obtained (Fig. 3a) and this

10 profile is subtracted from the S,.,.(488 n) profile to

Oxidizer Fuel yield a profile that is only due to elastic scattering
0 , (Fig. 3b). The peak in Fig. 31 is due to scattering

0 2 4 6 8 10 from particles while the balance is due to scattern

Distance From Nozzle Exit (mm) from molecules. The signal rises after the peak bc-
cause we are entering the cold fuel zone. The crit-

FIG. 2. A typical velocity profile for the axisym- ical strain rate for the suppression of soot is ob-
metric counterflow diffusion flame, illustrating the
method of determining the local strain rate from the
streamwise velocity gradient ahead of the flame.

7 , , SC,. 41-11

Results and Discussions .0 4 S

Partice-Inception and Fluorescence Limits: 2 E

In obtaining a particle-inception limit, our iiten- 0 ooooeooo**

tion is to find the critical strain rate where particle 25 0 '5 . 0 0 '5 0,0 0,5 . . 's
inception is so small that light scattering from soot Distance from Stagnation Point (mm)

particles is negligible compared to background scat- (a)
tering. Near this limit there are three significant
sources of light scattering: Rayleigh scattering due
to gases and particles, and fluorescence, presum-

7, CH,ably due to PAH's. The soot particles are spherical 6 1
in this early stage of their life and therefore, as with c
Hayleigh scattering from gases, the light remains ... .

polarized. Furthermore, since the scattering is elas- •
tic, the wavelength is unchanged. On the other liiand *

the inelastic fluorescence signal is depolarized and s ,
broadband with both stokes and anti-stokes fluo- 0

rescence. iS I7 In fact, for a 488 nm excitation wave-
length, the spectral peak of the fluorescence signal 25 20 Is 0 05 00 05 C 5

is located close to the excitation wavelength X., with Distance from Stagnation Point (mm}

a large contribution of the signal being at X = 488 (b)

in. Consequently, near the sooting limit the flu- Fic. 3. Profiles of the measured scattering inten-
orescence signal can be of the order of the Rayleigh sity., in arbitrary units, illustrating the method of
signal even though a laser line filter and polariza- determining the particle-inception limit. In Fig. 3a
tion analyzer are employed ahead of the detector the horizontally and vertically polarized compo-
to diminish the fluorescence signal (Fig. 1). nents of detected light are plotted as functions of

To obtain a true particle limit it is necessary to distance from the stagnation point. The detected
discriminate between the Rayleigh signal and the light has passed through a I nn laser line filte-
residual fluorescence signal. To do this we exploit centered on the incident waveleigth 488 nin and
the fact that, unlike Rayleigh scattering, fluores- some fluorescence (S,,) is observed tol pass thiough
cence is depolarizing. Total depolarization of the the filter. In Fig. 31) the fluoresctice signal ha's been
fluorescence signal has been checked by measuring subtracted from S,., so that the remaining signal is
the vertical (S, ) and horizontal (Sh,) scattering elastic scattering from molecules and soot particles
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C()MBUISTION-GENERATEI) PARITICULATES: SOOT IN D)IFFUSION FIAMI-S

tained by increasing the strain rate until the peak TABLE I
is eliminated. This condition is identified as the (:rita-.rl sttar t, 1111it, barcd ,It
particle-inception limit Kp which is quite sensitive liiiiiiiiosit,, sool-parti ilt, hrit -satt.rrog
to changes in strain rate when K is less than Kp, PAll fluorescecie and Ilaii i'\tilctioi.
and the limit can easily be determined within around K in umots of' I/s.
+3 s - 1. For K greater than Kp the scattering pro-
file is only weakly affected because the remaining I,ofl K, ±6 KU-+_ 3 K, K,
signal is due to scattering by molecules.

It is 2worthwhile to note that, as with collow
flames, 2 the peak of the fluorescence signal just tan 12- 32 12)) 000
precedes the particle inception region; this region Elltliii. 42 42 13(I ( )
can be identified by the initial rise of the peak lo- l'tlmia ,2 81 19) "1I
cated around 1.5 mm from the luminous zone. This Brtain -;9 82 to)) 45))
sequential relationship has been used to support the
view that the fluorescing molecules are, if nothing
else, by-products of the soot inception chemistry, hands of water s and this emission also occurs inl

It is desirable to base the particle and fluores- the region of the luminous .vellow zone. Therefior.
ence limits on the same background signal, i.e., the it is extremely difficult to deteruline the limit at
molecular scattering signal. To accomplish this we which the luminous yellow has disappeared when
continue to measure S,, but the laser line filter is the background is red. The red emission was e\i-
removed so that a large fluorescence signal is oh- dent to a lesser extent in the other flames and did
tamed At this strain rate, scattering from particles not cause as great an ambiguity.
is negligible because we are already at the incep- Assuming that the fluorescing species are indic-
tion limit. By again increasing the strain rate, the ative of soot precursors, the result of K1 < K1 sui-
base-line light scattering signal from molecules is gests that a substantial amount of precursors ia,
retrieved at another critical strain rate, KF, which still exist even though the production of' soot par-
we shall refer to as the fluorescence limit at which ticles has been suppressed. It is reasonable to an-
production of the fluorescing PAH's is assumed to ticipate that, in more complex flame conlitlirations
be suppressed. This limit might be interpreted as these precursors could survive to other parts of tin
a representative precursor limit although it is rec- flame where the residence tinie and triperatiture
ognized that there are important precursors at dif- are more conducive to particle generation Thus at-
ferent stages of the soot formation process that do tainment of Kp is not necessarily sufficient to guar-
not fluoresce, and that the fluorescing species for antee the suppression of soot generation.
\,, = 488 rm iay not actually bc the precursors The result K1. < Kr, is interesting iii that it ini-
themselves. dicates the possibility of uoilpletel . eliminating l,)st

The sooting limit based on soot luminosity is also generation by a suficiciutl\ high strain) rate with lIt
ineasired. Here the limit, indicated by Kl,. is (le- extinguishing the fame. We hasten to add, lo\-
fined as the condition where the yellow luminous ever, that this result is oltained onl\ for tie pli' c -
zone is no longer visibly perceptible when viewed ent relatively non-sooty fUels of the lowel alkanes
through a 5X stereoscope. It is of interest to explore whether K, -- K1. hoi

The flame extinction limit, KE, has also been de- more sooty fuels such that total soot suppressiol
termined by increasing the strain rate until the flame through straining cannot be aehiexed without c\-
is extinguished. We then measure the velocity gra- tinguishing the flame. Obviously if the fuel is i
dient in a flanie with a slightly lower strain rate highly-fluorescing 'Afl, then K: = K.: would bc
where a stable flame can exist and define this point expected to hold.
as the flat]i- extinction limit.

Table I lists the limits of luminosity (Kt,), particle Efcts of Concenration and Tcnprratr':
irception (Kp), fluorescence (K-), and flame extinc- ffe
tion (KE) for flames of methane, ethane, propane While soot growth ill diffusion flanics has bieen
and butane with air. For a given fuel/air system, studied in detail, 1I.,1 soot inception has not. Ex-
the relation K1, Kp < KF < KE is evident. Li- perimental difficulties are largely resporsible for this
ninosity appears to be an adequate ir thod of de- lack of information about inception. However. is
termining the particle limit. However, it should be noted by Kennedy, !3 the critical strain rate char-
noted that the luminosity measurement is some- acterizes the inception chemistry; therefore a stud\
what subjective and potential errors are much greater of how flame tenperature and ful ccerntratiolr
than for the measurement of K1, In fact, an ac- influence the sooting linits of difhisioii fIlalrtos will
ceptable measurement of K[. for methane could not yield infornation about how tse paraueters ill-
be made. The rnethane laie has a noticealle fluence inception chem istry
alliount of erllssiotl ill the red die to the overtone Figure .4 shows tii arlolls sootinv lillits for Iuro
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AERODYNAMICALLY-STRAINED DIFFUSION FLAMES

200 be as large as that due to flame temperature. In

U KF * Re. 6 we have demonstrated a similar influence of
- Kp inert addition on soot volume fraction for flaines with
5,. 150 KL low strain rates and high soot loadings. It was

KL * suggested that the limited inlnence of ftoi tcin-
perature when an inert is added to a fuel is a con-

M sequence of stoichiometrv ao d the presence of the
"E 100 large amount of nitrogen in air. These facts inipl%

U) t.that the flame temperature is only nniinally re-
* / /*-'A duced even with a moderate amount of inert ad-

50 ,/ dition to the fuel. Reference 6 supports this expla-
o unation with calculated adiabatic flame temperatures

C3 H8  for different amounts of inert dilution. In the pres-

ent study we further substantiated these calculated
0 .. . results by experimentally determining the depen-

0.0 0.2 0.4 0.6 0.8 1.0 dence of flame temperature on inert dilution.

Fuel Mole Fraction The results of Fig. 6b show that the critical strain
rates for methane are noticeably more dependent

FiG. 4. Sooting limits based on soot luminosity (Kt), reor e than thoe or eith e ne
soot particle l igh t-scattering (K,) and PAH fluores- upon inert addition than those ftor either propane
sootepricle ,) ht-sropanetuted wh aniroe or butane. In Ref. 6 we showed that inert additioncence (Kr) for propane diluted with nitrogen. influences the flame temperature of methane iore

than it does that of propane or butane, so inert ad-
pane diluted with nitrogen. These results again dition (filled symbols) would be expected to have a
demonstrate the differences in the limits based on greater influence on the critical strain rates of
the various definitions. Furthermore, the results methane. Figure 6b suggests that even when the
show that the critical strain rates K1 , Kp and KF temperature is not allowed to varyv with inert ad-
all decrease with inert addition and the relative dition, i.e. pure dilution (open synihols,, the eriti-
trends of the decrease are similar for all three def cal strain rates are more dependent on fuel con-
initions. In fact, the curve for Kt. is similar to that centration for methane than for the other fuels. B.
for K1, even though inert addition decreases the comparing K1 in Figs. 5 and 6a, it is also seen that
temperature (e.g., for Xf = 0.4, AT = 113 K) and
this decrease will reduce the luminous intensity.

Since the chemistry of soot particle inception is
generally a function of both temperature and re- 100

active species concentrations, the results of Fig. 4
do not directly delineate whether the reduction in 7 ---------
the critical strain rates with fuel concentration is a _(n 80 T ,,A
consequence of temperature reduction, concentra- o. Dilution effect A,- Z
tion reduction, or both. To isolate these two ef- .A__-
fects, we adopt the technique of Ref. 6. That is, E 60
after dilution of the fuel by a certain amount of in- - Temperature effect

C A
ert, we bring the flame temperature back to the .o
nondiluted value by replacing an appropriate molar C.

amotnt of nitrogen in the air with an equal amount U 40

of argon.
Figures 5 and 6 show the critical strain rates for a)

the diluted flames with and without adjustment of U 20 C3 H8

the flame temperature. The difference between the CL
nondiluted value and the diluted value with tem-
perature adjustment is viewed as the effect due ttpure dilution," while the difference between the 0 02 0 4 0 6 08 .0
diluted values with and without temperature ad-
lustinent is viewed as the effect (lue to flamc ten-
perature variation. The curve for K1p of Fig. 4 has Fitc. 5. The effect of' nitrogen addition on the
been duplicated in Fig. 5 to illustrate this tech- particle-inception linitt (Kp) for propane. The open
nique. symbols represent data for flames where tile teii-

Referring to Fig. 5, it is seen that the effect due perature of the diluted flame has been adjusted to
to pure dilution is not large for small dilutions but, be equal to that of the undiluted flame, so that these
for fuel mole fractions less than 0.6, the effect can data represent pure dilution effects.
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COMBUSTION-GENERATED PARTICULATES. SOOT IN IIFFUSION FLAMEIFS

100 limits of the thermocouple. Fortunately. experi-

A, A Kp ments as well as adiabatic flame tenperature (al-
culations show that the ratio of' AT to A 1,7( r is

80 oK alst a constant, and this constant is almost i-
* 

d
UA dependent of fUel concentration. Therelore this ra-

60 A:' ti) is determined at lower fuel concentrations where
C A / temperatures are measurable, and is then used to
FU A / determine AT when temperatures are too high to
S40 / measure.

-F Figure 7 shows that when concentration efl_'cts
'.Q are eliminated, the flame temperature can hae a
, 20 C4HI0 strong influence on soot extinction by straining. A

200 to 300 K increase in the flame temperature can
cause a corresponding increase in the critical strain

0 , , . -s, rates by factor of two to three. Figure 8 shows the
0.0 0.2 0.4 0.6 0.8 1.0 Arrhenius plots of the critical strain rates. A linear

Fuel Mole Fraction behavior is observed, implying that the various ex-
tinction states can be quantified by a corresponding
extinction Damk6hler number Da which vaies with

200 - K- 1 exp (-E,,/R"Tf), where E,, is an overall acti-
C4HO ration energy and Tf the flame temperature. The'0 ZIjict that an Arrhenius correlation exists for T, is in

L"150 4 A'• agreement with the expectation that the flaie tea-A/ perature is useful in characterizing global teilper-

A / ature effects.
-j 100 - aThe overall activation energies for particle and

100,/ tluorescence extinction are shown in Fig. ,S for the
3/M I various fuels. It is of' interest to lnote that the tem -

A 0
perature dependence of Kp, depicted by E,,. is sun-

50 ilar for all of the alkanes studied. In addition. the
0

250

0 ., ., . Limlt
0.2 0.2 0.4 0.6 0.8 1 0 * Kp C4 H10

Fuel Mole Fraction 200 A Kp C3H8
, Kp C2H6

FIG. 6. The effect of nitrogen addition on a) the 7 0
soot luminosity and particle-inception limit for bu- ) a KF  C4 H10  13

tane and b) the PAH fluorescence limit for methane 2 150
and butane. The open symbols represent data for CO

flames where the temperature of the diluted flame C 0

has been adjusted to be equal to that of the im- F0

diluted flame, so that these data represent pure di- 05 1oo
lution effects. "

A

the inception limits for propane and butane display 50

similar dependencies on fuel concentration.
Figures 5 and 6 show the influence of' pure di-

lotion on the critical strain rates. In Fig. 7 we pre- 0
sent the critical strain rates for flames with a fixed 1900 2000 2100 220C
concentration of fuel arid oxidizer but with different Flame Temperature (K)
flame temperatures. The fuel mole fractions for
ethane, propane and butane are 1.0, 0.5 and 0.4, FIG. 7. 'rhe effect of teinperature on the sooting
respectively. The flame temperature is increased by limits for the various fuels. T'lnperature adjust-
substituting a portion of the nitrogen in air by an ment is attained without changing the coicentia-
equal amount of argon. When the temperature of tions of either the fuel or oxidizer. The tempera-
the flame is increased, it can exceed the operating hures have been corrected for radiation loss.
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AERODYNAMICALLY-STRAINED DIFFUSION FLAMES

6.5 products of, the chemical processes leading to soot
Limit Fuel E, (kcaVmole) particle inception.

6.0 Kp C4H10  29 Results further show that soot particle formation
6 Kp C3H8  31 is sensitive to both fuel dilution and flame temper-

* Kp C2H6  31 ature. It is also demonstrated that flame tempera-
55 ture influences both the fluorescence and particle-
. KF C4 H1 0  26 inception limit in an Arrhenius manner.

d.: Finally, the finding that the parameters impor-
"" 5.0 tant for soot inception are similar to those for soot

formation and growth is in agreement with the well-
accepted observation that the final soot loading in

: ' _ sooty flames is heavily dependent on the particle
S .. . ,inception process.

-1 4.0 'A
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